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Fourier Transform Infrared Spectroscopy (FT-IR) is one of the most versatile 
analytical techniques available for the study of fossil fuel structure and reaction 
chemistry. 
reaction products as solids, liquids and gases, since almost all have characteristic 
absorptions in the infrared; (11) its sensitivity, allowing the study of highly 
absorbing materials such as coal and char and the use of difficult techniques such as 
photoacoustic or diffuse reflectance spectroscopy; (iii) its speed (instruments 
commercially available can obtain a complete spectrum every 20 milliseconds) allowing 
the possibility of following chemical reactions on-line; (iv) its inherent rejection 
of stray radiation, allowing transmission measurements at elevated temperatures to be 
made in-situ; (v) its ability to measure emission spectra to determine temperature 
as well as chemical changes of reactants at elevated temperature. 

Because of these advantages, FT-IR spectroscopy has achieved increasing use in fuel 
science. This paper will review some of its applications. Recent progress has been 
made in the use of FT-IR for the quantitative determination of hydrogen functional 
groups in solid hydrocarbons. 
uncertainties in the hydrogen distribution have hindered investigations of coal 
structure. 
determination of aliphatic hydrogen and the uncertainties remaining in the 
determination of aromatic hydrogen. A second area to be considered will be the 
application of the functional group determination to the study of coal pyrolysis. The 
paper will consider the changes in the functional group composition of coal during 
primary pyrolysis and its relationship to the pyrolysis products which are formed. 
Finally, recently developed methods employing both emission and transmission 
spectroscopy will be considered to monitor, in-situ, the coal particle temperature and 
chemical changes which occur during pyrolysis. 

Among its advantages are: (1) its ability to study feedstocks and 

Developments in this area are important since 

The paper will discuss the present convergence being obtained in the 

DETERMINATION OF AROMATIC AND ALIPBATIC HYDROGEN IN COAL 

While several techniques are available for obtaining infrared spectra of coal, only 
the KBr pellet technique has been pursued extensively for quantitative analysis. 
Methods for quantitative preparation of samples have been described in a number of 
publications (1-7) and it appears that with a representative sample of coal and care 
in sample preparation, spectra can be repeated with less than 5% variation. Typical 
KBr pellet spectra for two bituminous coals and a lignite are illustrated in Fig. 1. 
They have peaks due to their functional groups and mineral components which are 
identified in the figure. In general, all coals have these absorption bands and the 
major variation with rank is in their relative magnitude. 
of the KBr spectra whose interpretation has been controversial. The first is the 
large peak at 1600 wavenumbers, which evidence now suggests is an aromatic ring 
stretch whose intensity is greatly enhanced by the presence of hydroxyl groups on the 
ring and nitrogen in the ring (2-4,6). 
generally been attributed to scattering (rather than absorption) of the transmitted 
radiation by the particles of coal in the KBr pellet. 
sometimes been used to obtain a spectrum more "representative" of the absorption. 
Figure 2 compares a baseline corrected spectrum of coal (a) in Fig. 1. to a spectrum 
of the Same coal obtained by photoacoustic absorption spectroscopy (PAS) (8,9). The 
PAS technique which is sensitive only to the absorption of energy does not have a 
sloping baseline and is quite similar in appearance to the baseline-corrected KBr 
pellet spectrum. 

There are three features 

The second is the sloping baseline which has 

A straight line correction has 

The baseline correction appears to be accurate for coals and chars 
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up t o  about 90 percen t  carbon.  
abso rp t ion  is also preeent .  
t h e  a l i p h a t i c  band in t h e  KBr p e l l e t  spectrum may occur due t o  the  C h r i s t i e n s e n  e f f e c t .  
This d i s t o r t i o n  could i a f l u e n c e  measurenents  of t h e  a romat i c  hydrogen i f  t h e  3100 
wavenumber band i r  used. ?AS s p e c t r a  a l s o  appear  t o  exaggerate  the  mine ra l  peaks. A 
t h i r d  c o n t r o v e r s i a l  f e a t u r e  is t h e  hydroxyl band. 
(due t o  hydrogen bonding) and can t h e  band a s s o c i a t e d  wi th  water  incorporated during 
the p e l l e t  p repa ra t ion  be e l i m i n a t e d  by drying t h e  p e l l e t ?  Resu l t s  of Ref. 1 suggest  
t h a t  drying removes a lmos t  a11 of t h e  wa te r  and good r e s u l t s  have been obtained using 
t h e  o p t i c a l  d e n s i t y  a t  3200 wavenumbers t o  determine t h e  hydroxyl content .  
of t h e  d ry  KBr p e l l e t  spectrum w i t h  t h e  ?AS spectrum in Fig. 2. sugges t s  t h a t  t h e  broad 
abso rp t ion  peak of t h e  hydroxyl groups in the  d r i e d  p e l l e t  is real .  

To ob ta in  a romat i c  and a l i p h a t i c  hydrogen concen t r a t ions ,  H(ar) and H(a1). it is 
necessary t o  i n t o t r a t e  t h e  areas A(ar) and A(a1) under t h e  appropr i a t e  peaks ( spec t ra  
a r e  normalized t o  1 ag per squa re  cm) and d i v i d e  

hydrogen concentrat ions.  The former t a s k  has  been automated by employing a s y n t h e s i s  
r o u t i n e  which uses  a set of p r e s e l e c t e d  peaks whose p o s i t i o n  and width are he ld  f ixed  
and whose ampli tude is var i ed  t o  reproduce t h e  experimental  spectrum (2-4).  The 
technique has t h e  advantage t h a t  i n t e g r a t e d  areas w i l l  be obtained in a c o n s i s t e n t  
manner f o r  a11 samples. Exce l l en t  f i t .  have been obtained f o r  hundreds of c o a l  samples 
using one s e t  of 45 Gaussian peaks (2). To o b t a i n  t h e  a b s o r p t i v i t i e s  f o r  c o a l  samples, 
a method was der ived (2-4) in which H(a1) - A(al ) /a (a l )  and H(ar) - A(ar) /a(ar)  was 
equated t o  t h e  t o t a l  hydrogen. H, minus t h e  hydroxyl hydrogen, H(0H) and rearranged t o  
y i e l d  the  fol lowing equa t ion ,  

A t  h igh  carbon concen t r a t ions ,  a broad s lopping 
Conpariaon of t h e  two s p e c t r a  suggest  some d i s t o r t i o n  of 

Is i t  r e a l l y  a s  broad a s  i t  appears  

Comparison 

a p p r o p r i a t e  i n t e g r a l  a b s o r p t i v i t i e s  
a (a r )  and a(a1) ( in  abs. u n i t s  x wavenumbers/mg/cm Y ) t o  r e l a t e  the a r e a s  t o  t h e  

I f  t h e  a b s o r p t i v i t i e s  a r e  independent of c o a l  composition, than the two unknowns, a(ar)  
and a(a1) can be determined from A(a1). A(ar). H and H(0H)  f o r  two samples. H(OH) can 
be determined chemica l ly  or by FT-IP (1,5). A(a1) i a  usua l ly  obtained from t h e  s e t  of 
peaks near 2900 wavenumbers which a r e  s t r o n g  and do not  have any i n t e r f e r i n g  peaks 
nearby. 
have i n t e r f e r e n c e  from mine ra l  peaks (which must be sub t r ac t ed )  and long methylene 
cha ins  (which a r e  weak and can be aubtractod)  or from t h e  peak near 3100 wavenumbers 
which a r e  weak and have i n t e r f e r e n c e  from t h e  a l i p h a t i c  and hydroxyl bands. 
problem of de t e rmin ing  t h e  a r e a  f o r  t h e  3100 wavenumber peak is s u b s t a n t i a l  f o r  low 
rank coa ls  as w i l l  be discussed below. 

In p r a c t i c e ,  coa ls  do n o t  have d i f f e r e n t  enough r a t i o s  of H(a1) end H(ar) t o  determine 
accu ra t e ly  t h e  a b s o r p t i v i t i e s  from two samples, EO l a r g e  numbers of c o a l s  a r e  used t o  
d e f i n e  a s t r a i g h t  l i n e  by p l o t t i n g  the  two t e rms  i n  brackets .  But, even t h i s  method 
is not  accu ra t e  because tho c o a l s  tend t o  be t i g h t l y  c lus te red .  
problem. coal  der ived c h a r s  and t a r s ,  which have r e l a t e d  chemical  s t r u c t u r e a  were a l s o  
included t o  provide a wider  range of a l i p h a t i c  t o  a romat i c  r a t i o s  (2-4).  This  w i l l  
work only i f  t h e  a b s o r p t i v i t i e s  f o r  t h e s e  a d d i t i o n a l  samples a r e  t h e  same a s  f o r  coals. 
A s e t  of chars  produced by h e a t i n g  e bi tuminous coa l  a t  3 0 W s e c  t o  d i f f e r e n t  f i n a l  
t e l p e r a t u r e s  is i l l u s t r a t e d  in Fig. 3. A s  can be seen A(ar)/A(el) i n c r e a s e s  
cont inuously w i t h  p y r o l y s i s  temperature .  The cha r s  produced above 600% have l i t t l e  
a l i p h a t i c  hydrogen and thus  p rov ide  an e x c e l l e n t  sample f o r  determining a(ar). Using 
t h e  800 wavenumber r e g i o n  f o r  A(ar), t h e  bracketed t e rms  i n  Eq. 1 a r e  p l o t t e d  i n  Fig. 4 
wi th  some a d d i t i o n a l  c h a r s  and tars from a P i t t s b u r g h  Seam c o a l  of similar carbon 
content. 
.(.I) 684 and a(a1) 744. The r e s u l t s  a r e  in e x c e l l e n t  agreement w i t h  previously 
der ived values  of 686 and 746 f o r  a11 bi tuminous coals .  chars  and t a r s  (2). 
compounds were a l s o  examined t o  provide guidance in t h e  poss ib l e  a b s o r p t i v i t y  values  
(2-4). 
compounds con ta in ing  C and H only. 

A(ar) can be ob ta ined  from t h e  peeks near  800 wavenumbers which a r e  s t r o n g  but 

The 

To a l l e v i a t e  t h i s  

The cha r s  form a r e g u l a r  series along a s t r a i g h t  l i n e  v i t h  i n t e r c e p t s  a t  

Model 

The .Car) va lue  is 11% l o v e r  than t h e  average va lue  of a(ar)  - 768 f o r  25 model 
The same model compounde give an  average value of 
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i 
a(ar )  = 220 f o r  t h e  3100 wavenumber band. 
agreement w i t h  t h e  va lue  der ived  i n  Refs. 7 and 10. 

Using these  a b s o r p t i v i t i e s ,  v a l u e s  of H(ar) and H(a1) have been derived f o r  a set of 
bituminous c o a l s  from t h e  Exxon premium sample c o l l e c t i o n .  
a func t ion  of rank i n  Fig. 5a. 
smooth v a r i a t i o n  w i t h  rank. 
d a t a  appear t o  r e f l e c t  r e a l  v a r i a t i o n s  i n  H(al), s i n c e  H(a1) + H(ar) is i n  good 
agreement w i t h  H - H(OH) a s  shown i n  Fig. 6a. The da ta  form a band w i t h  a random 
v a r i a t i o n  of f 10%. The s l i g h t  s lope  in Fig. 6a s u g g e s t s  a v a r i a t i o n  of t h e  
a b s o r p t i v i t y  w i t h  carbon concent ra t ion .  

The problem of obta in ing  a b s o r p t i v i t i e s  us ing  c o a l s  a lone  (Le.. d e f i n i n g  a l i n e  
through da ta  p o i n t s  c l u s t e r e d  i n  a s m a l l  region) was r e c e n t l y  d iscussed  e x t e n s i v e l y  by 
r e s e a r c h e r s  a t  Penn S t a t e  U n i v e r s i t y  (7,lO). They used s n  e r r o r  minimiza t ion  procedure 
(equiva len t  t o  t h e  g r a p h i c a l  method d iscussed  above) t o  e v a l u a t e  t h e  a b s o r p t i v i t i e s  f o r  
a group of c o a l s  and l i g n i t e s .  The 3100 wavenumber reg ion  was chosen f o r  H(ar) i n s t e a d  
of t h e  800 wavenumber region.  The same method w a s  used on pyr id ine  e x t r a c t s  (7)  and i t  
was determined t h a t  t h e  a b s o r p t i v i t i e s  match reasonably wi th  a b s o r p t i v i t i e s  der ived  
from proton nmr. The a b s o r p t i v i t y  va lue  der ived  f o r  a(a1) was 665, 11% lower  than  our 
value of 745. Note t h e  conversion f a c t o r  E ( a 1 )  = 2 0  i n  Ref. (10) is t h e  r e c i p r o c a l  
of a(a1) m u l t i p l i e d  by 100 (weight f r a c t i o n  t o  weight  X )  and by 1.33 (mg per  p e l l e t  t o  
mg/cm2). The r e s u l t s  a r e  shown i n  Fig. 5b. The H(a1) va lues  a r e  about 10% higher  than 
o u r s  and a r e  in agreement w i t h  t h e  d i f f e r e n c e s  i n  a(a1). The 10% e x t r a  hydrogen i n  t h e  
H(a1) va lues  must be made up i n  t h e  H(ar) va lues  which a r e  up t o  30% t o  50% lower  than 
our va lues  a t  low carbon concentration. A comparison of H(a1) + H(ar) t o  H-H(0H) i s  
made in Fig. 6b. The random v a r i a t i o n  is s i m i l a r  t o  our  r e s u l t s  (k 12% VS. f 10%) but 
t h e  dependence on carbon concent ra t ion  i s  g r e a t e r .  While Reisser  e t  a l .  (10) have 
a t t r i b u t e d  a l l  t h e  d i s c r e p a n c i e s  between H(a1) + H(ar) derived by FT-IR and H-H(0H) 
der ived  by e lementa l  a n a l y s i s  and FT-IR t o  random e r r o r s  i n  K B r  p e l l e t  sample 
prepara t ion ,  some of t h e  v a r i a t i o n  is c l e a r l y  a s y s t e m a t i c  rank dependence caused by 
v a r i a t i o n s  i n  t h e  a b s o r p t i v i t i e s  w i t h  rank. This v a r i a t i o n  was observed i n  our e a r l i e r  
work and we derived s e p a r a t e  a b s o r p t i v i t y  va lues  f o r  l i g n i t e s  and subbituminous c o a l s  (2). 
The rank v a r i a t i o n  i n  t h e  a b s o r p t i v i t i e s  us ing  t h e  3100 wavenumber reg ion  appear  t o  be 
g r e a t e r  than what we have obta ined  us ing  t h e  800 wavenumber region. This  observa t ion  
w i l l  be discussed below. We b e l i e v e  t h a t  t h e  v a l u e s  of H(ar) repor ted  o r i g i n a l l y  (3) 
were too high because of t h e  i n f l u e n c e  of t h e  rank v a r i a t i o n  when us ing  rank 
independent a b s o r p t i v i t i e s .  

Considering t h e  above r e s u l t s ,  how a c c u r a t e  i s  t h e  FT-IR method f o r  de te rmining  
hydrogen f u n c t i o n a l  group c o n c e n t r a t i o n s ?  
and 5b) produce similar va lues  of H(a1). Values of H(ar) a r e  i n  reasonably narrow 
bands which agree  above 85% carbon. The method i n  i t s  c u r r e n t  s t a t e  of development 
(us ing  rank independent a b s o r p t i v i t i e s )  can, t h e r e f o r e ,  de te rmine  H(a1) t o  f 10% and 
r e l a t i v e  t rends  f o r  H(ar). The FT-IR technique appears  capable of provid ing  a c c u r a t e  
a b s o l u t e  values f o r  t h e  hydrogen f u n c t i o n a l  group d i s t r i b u t i o n  provided t h e  proper 
a b s o r p t i v i t y  can be determined f o r  H(ar) below 85% carbon. 
t h e  proper a b s o r p t i v i t i e s ,  d a t a  f o r  H(ar) i n  c o a l  der ived  by d i p o l a r  dephasing (11) a r e  
presented  in Fig. 5c and da ta  f o r  pyr id ine  e x t r a c t s  (12,13), vacuum d i s t i l l a t e s  (14) 
and c o a l s  (13) obtained by pro ton  nmr and I R  a r e  presented i n  Fig. 5d. Among t h e s e  
d a t a  f o r  H(ar) t h e  d i p o l a r  dephasing d a t a  (Fig. 5c)  are t h e  highest .  The d a t a  from 
t h i s  work (Fig. 5a) a r e  s imi la r  t o  t h e  d a t a  on c o a l  l i k e  m a t e r i a l s  (Fig. 5d) and a r e  
w i t h i n  the  range of t h e  d i p o l a r  dephasing data .  The d a t a  of Reisser  a t  al .  ( l o ) ,  
(Fig. 5b) a r e  t h e  lowes t  and appear  o u t s i d e  t h e  range of t h e  d i p o l a r  dephasing data .  

Another comparison i s  made i n  Table I u s i n g  t h e  average  va lues  determined f o r  the  
ra t ios  of H(ar) t o  H(a1) i n  t h e  r a n g e  of 80-85% c a r b o n  (10-16). 
determined by Reisser  e t  al., (10) i s  24% lower than  t h e  cumulative average  of 0.46. 
The value of 0.52 from t h e  p r e s e n t  r e s u l t s  is  13% too  high. The value of 0.2 
o r i g i n a l l y  determined by Brown (15) is t o o  low and t h e  va lue  of 0.70 d te rmined  by 

This  cor responds  t o  € ( a r )  = .60 i n  good 
I 

The r e s u l t s  a r e  p l o t t e d  a s  
The va lues  of H(ar) l i e  i n  a narrow band which shows a 

Values of H(a1) a r e  more s c a t t e r e d .  The s c a t t e r  i n  t h e  

Both s e t s  of d a t a  der ived  by FT-IR (Figs. 5a 

A s  guidance i n  de te rmining  

The v a l u e  of 0.35, 
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Wilson e t  al. (11) us ing  d i p o l a r  dephasing appears  too high. 

Some of t h e  discrepancy i n  t h e  FT-IR v a l u e s  may be due t o  t h e  cho ice  by t h e  Penn S t a t e  
group (7.10) of t h e  3100 wavenumber band f o r  H(ar). 
r a p i d l y  w i t h  dec reas ing  rank than do t h e  800 wavenumber bands. 
i n  Fig. 7 between t h e s e  two r eg ions  f o r  a l i g n i t e ,  i t s  tar and i t s  char. 
a r e  low i n  mine ra l  con ten t .  The s p e c t r a  a r e  presented v i t h o u t  b a s e l i n e  or  mine ra l  
cor rec t ions .  While t h e  c o a l  shows a d i s t i n c t  band near  800 wavenumbers i t  i s  very 
d i f f i c u l t  t o  d i s t i n g u i s h  a band a t  3100 wavenumbers. The t a r  and cha r  produced i n  
py ro lys i s  show l a r g e  peaks a t  800 wavenumbers but  only t h e  char has  a c l e a r l y  def ined 
peak a t  3100 vavenumbers. The ampli tude a t  3100 wavenumbers i s  e i t h e r  veakened o r  
p a r t i a l l y  hidden by t h e  presence of t h e  hydroxyl band. 
t o  800 wavenumber bands f o r  t h e  Exxon c o a l s  a r e  p l o t t e d  i n  Fig. 8a. 
zero  with i n c r e a s i n g  rank. A s i m i l a r  e f f e c t  i s  observed f o r  model compounds i n  Fig. 8b. 
The s t r e t c h  region appea r s  more s e n s i t i v e  t o  t h e  oxygen concen t r a t ion  than  t h e  vag. For 
example, a (a r )  goes f rom 220 (25 model compounds without  oxygen) t o  an  average value of 
122 (8 model compounds w i t h  an average of 11% oxygen). 
a ( a r )  for  t h e  800 wavenumber r eg ion  goes from 768 (no oxygen) t o  889 ( v i t h  oxygen). 
While t h i s  r a t i o  depends on t h e  way  t h e  bands a r e  f i t  (Le.  i n t e g r a t i o n  l i m i t s  and 
basel ine)  it is very d i f f i c u l t  t o  avoid very s m a l l  a r e a s  i n  t h e  3100 wavenumber region 
f o r  low rank coals .  

The decreasing 3100 wavenumber band i n t e n s i t i e s  f o r  low rank c o a l s  would exp la in  the  
l o v  values  of H(ar) i n  Fig. 5b and the s lope  i n  Fig. 6b. Resolut ion of t h i s  i s s u e  and 
improved accuracy i n  t h e  technique r e q u i r e s  the  fo l lowing  advances: 1 )  an  agreed upon 
procedure f o r  o b t a i n i n g  peak a r e a s ,  i i )  u se  of rank dependent a b s o r p t i v i t i e s ,  i i i )  a 
premium s e t  of r ep roduc ib le  samples of coa ls ,  vacuum d i s t i l l a t e s  and py r id ine  
f o r  round robin t e s t s  a t  d i f f e r e n t  l a b o r a t o r i e s  using FT-IR, proton nmr and C 1 4 x , ' ~ ~ t s  
w i t h  d ipo la r  dephasing. Even w i t h  i t s  l i m i t a t i o n s ,  t h e  p re sen t  technique appears  t o  be 
t h e  best  r o u t i n e  method to  o b t a i n  hydrogen func t iona l  group concen t r a t ions .  

This  band appears  t o  sh r ink  more 
A comparison is made 

These samples 

The r a t i o  of a r e a s  of the 3100 
The r a t i o  goes t o  

For the  same model compounds 

TEE VARIATIONS m FUNCTIONAL GROUP COMPOSITION DURING COAL PYROLYSIS 

An a p p l i c a t i o n  of t h e  a n a l y s i s  method desc r ibed  above v a s  made i n  t h e  s tudy  of c o a l  
py ro lys i s  where t h e  e v o l u t i o n  of py ro lys i s  products  may be r e l a t e d  t o  the chemical  
changes occur r ing  i n  t h e  c o a l  a s  determined by FT-IR spectroscopy. 
descr ibed i n  t e rms  of t h e  fo l lowing  s tages :  

P y r o l y s i s  has  been 

I I1 111 
Coal/Metaplast  Primary P y r o l y s i s  Secondary Pyro lys i s  

: soot,  gas 

raw coal- me tap la s t  

During, s t a g e  I the  c o a l  may undergo some bond breaking r e a c t i o n s  and r educ t ion  of 
hydrogen bonding which may lead t o  melting. 
molecules o r  a r e  formed by the  breaking of very weak bonds a r e  re leased.  
11. f u r t h e r  bond breaking occurs  l ead ing  t o  evo lu t ion  of t a r  and gases  and the  formation 
Of char. During s t a g e  111 t h e  products  can cont inue t o  reac t .  The char  can  evolve 
secondary gases, mainly CO and H2 whi le  undergoing r i n g  condensations. 
c r ack  t o  form soot ,  coke and gases  and t h e  gases  can c rack  t o  form l i g h t e r  gases  and soot-  

TO demonstrate t h e  r e l a t i o n s h i p  between t h e  "extent  of py ro lys i s "  and the f u n c t i o n a l  
group composition, we cons ide r  a n  experiment i n  which samples of a bi tuminous coa l  were 
heated a t  a cons t an t  r a t e  of 3O0C/min s t a r t i n g  a t  15OOC and ending a t  a series of 

Some l i g h t  s p e c i e s  which e x i s t  a s  guest  
During s t a g e  

The t a r s  can 
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t empera tures  between 350 and 950°C. 
PYrolYSiS, which can over lap  i n  r a p i d  h e a t i n g  experiments. 
s p e c t r a  obta ined  f o r  t h e  product chars  ( a t  s e v e r a l  t empera tures)  by q u a n t i t a t i v e  FT-IR 
spectroscopy. There are s u b s t a n t i a l  changes i n  t h e  s p e c t r a  a s  t h e  peak p y r o l y s i s  
temperature i s  increased. To r e l a t e  t h e s e  changes t o  t h e  s t a g e s  of p y r o l y s i s ,  the  
f u n c t i o n a l  group compositions from t h e s e  s p e c t r a  a r e  compared i n  Fig. 9 t o  t h e  weight 
loss and evolu t ion  of tar and gases  measured dur ing  t h e  experiment. 

S u b s t a n t i a l  changes occur dur ing  t h e  primary pyro lys i s ,  s t a g e  11. 
t h e  weight loss w i t h  t h e  r a t e  of t a r  evolu t ion .  The maximum r a t e  of weight loss a t  
470°C compares wi th  t h e  maximum r a t e  of tar evolution. F igure  9b shows t h e  r a t e  of 
a l i p h a t i c  gas  evolu t ion  compared to t h e  loss of a l i p h a t i c  hydrogen, H(al), i n  t h e  char. 
There i s  a l s o  an  i n c r e a s e  i n  H(ar), Fig. 9e. which occurs  as t h e  t a r  p icks  up hydrogen 
from hydroaromatic r i n g s ,  conver t ing  them t o  a romat ic  s i t e s .  
a l i p h a t i c  gases  and H(ar) a r e  c l o s e l y  coupled events  which dominate t h e  pr imary  
pyrolysis.  The loss of H(a1) i n d i c a t e s  t h e  end of s t a g e  11. The loss of H(a1) a l s o  
s i g n a l s  t h e  loss of p l a s t i c i t y  and s w e l l i n g  as descr ibed  i n  (17). 

A t  30"C/min hea t ing  r a t e ,  secondary p y r o l y s i s ,  s t a g e  111, began above 550°C. F i g u r e  9 c  
compares t h e  evolu t ion  of methane w i t h  t h e  c o n c e n t r a t i o n  of methyl groups i n  t h e  char. 
The methyl group concent ra t ion  f i r s t  i n c r e a s e s  dur ing  primary p y r o l y s i s  (due t o  bond 
breaking and s t a b i l i z a t i o n )  and t h e n  decreases  as methane i s  formed. The e v e n t s  
occur r ing  dur ing  t h e  l a t e r  p a r t s  of s t a g e  111 inc lude  t h e  e l i m i n a t i o n  of e t h e r  l inkages  
coupled wi th  t h e  evolu t ion  of CO (Fig. 9d) and t h e  e l i m i n a t i o n  of a romat ic  hydrogen, 
H(ar), (Fig. 9e)  which occurs d u r i n g  r i n g  condensation coupled w i t h  e v o l u t i o n  of 
hydrogen gas  (not measured i n  t h i s  experiment). Since r i n g  condensations a l s o  
e l i m i n a t e  a c t i v e  s i t e s  f o r  oxygen a t t a c k ,  H(a1) should be a good parameter t o  c o r r e l a t e  
w i t h  i n t r i n s i c  char  r e a c t i v i t y .  F igure  9f shows t h e  e v o l u t i o n  of C 0 2  and H20. 
evolu t ion  of water appears t o  c o r r e l a t e  w i t h  t h e  i n c r e a s e  i n  t h e  e t h e r  oxygen 
sugges t ing  t h a t  two hydroxyls may combine t o  form a water  and an  e t h e r  l ink .  

For these  experiments,  t h e  changes i n  t h e  f u n c t i o n a l  group composition a s  de te rmined  by 
FT-IR provide a good chemical d e s c r i p t i o n  of t h e  p y r o l y s i s  s t a g e s  which are i n  t u r n  
c o r r e l a t e d  w i t h  t h e  evolved products. It has  been demonstrated t h a t  t h i s  r e l a t i o n s h i p  
between t h e  p y r o l y s i s  events  and t h e  f u n c t i o n a l  group composition i s  q u i t e  genera l ,  
being independent of c o a l  rank and tempera ture  (3,17-20). The sequence of f u n c t i o n a l  
group changes is t h e  same i n  h igh  h e a t i n g  r a t e  experiments as f o r  t h e  slow h e a t i n g  case  
and corresponds i n  t h e  same way t o  t h e  p y r o l y s i s  events.  
method t o  determine t h e  "ex ten t  of pyrolysis".  

Slow h e a t i n g  i s  u s e f u l  i n  s e p a r a t i n g  t h e  s t a g e s  of 
Figure 3 shows t h e  i n f r a r e d  

F igure  9a compares 

The loss of tar, 

The 

FT-IR s p e c t r a  provide  a good 

IN-SITU WONIlURING OF COAL TEMPERATURE AND SPECTRAL ESlTl'ANCE 

A s  a f i n a l  example of t h e  FT-IR's v e r s a t i l i t y ,  we cons ider  i ts  a p p l i c a t i o n  i n  t h e  on- 
l i n e ,  in -s i tu  monitoring of c o a l  conversion. I n  t h i s  a p p l i c a t i o n  t h e  sample volume is  
i n  t h e  r e a c t i n g  s t ream r a t h e r  than  i n  a K B r  p e l l e t .  Both emiss ion  and t r a n s m i s s i o n  
measurements a r e  made t o  provide  d a t a  on t h e  c o a l ' s  t empera ture  and s p e c t r a l  e m i t t a n c e  
(which i s  r e l a t e d  t o  i t s  chemica l  composition).  A s  descr ibed  i n  a previous  p u b l i c a t i o n  
(21), the  t r a n s m i t t a n c e  measurement is used t o  de te rmine  t h e  t o t a l  e m i t t i n g  s u r f a c e  of 
t h e  c o a l  p a r t i c l e s  so t h a t  a normalized emiss ion ,  (emissionl(1-transmittance)) can be 
compared i n  both shape and ampl i tude  t o  a t h e o r e t i c a l  black-body. 
descr ibed  below, t h e  c o a l  f low rate was monitored t o  i n s u r e  t h a t  bo th  measurements be 
made under t h e  same conditions.  
p a r t i c u l a r )  and d i f f r a c t i o n  e f f e c t  requi red  a d d i t i o n a l  c a r e  i n  t h e  computation of t h e  
normalized emission. 
normalized emiss ion  measurement has  t h e  f o l l o w i n g  advantages: 1) A complete spectrum 
i s  obtained, no t  j u s t  two or t h r e e  co lors ;  2) Measurements a r e  made i n  t h e  i n f r a r e d  
where the  emission i s  s t r o n g e s t  and where measurements of emiss ion  and o p t i c a l  
p roper t ies  are re levant  t o  p r a c t i c a l  convers ion  processes;  3) Measurements a r e  p o s s i b l e  
w i t h  mixed phase ( p a r t i c l e s ,  s o o t  and gas); 4)  For grey-bodies, t h e  measurement of 
normalized emi t tance  a l l o w s  t h e  use  of t h e  s p e c t r a l  shape t o  o b t a i n  tempera ture  and t h e  

I n  t h e  work 

Also, t h e  emiss ion  from s e v e r a l  phases ( t a r  i n  

Compared t o  o t h e r  techniques  f o r  measuring tempera ture  t h e  FT-IR 
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ampli tude,  t o  o b t a i n  e m i s s i v i t y ;  5 )  Measurements are f a s t .  A complete spectrum can be 
obtained i n  20 m i l l i s e c o n d s  u s i n g  a commercial FT-IR. 
techniques to o b t a i n  p o i n t  measurements may be p r a c t i c a l ;  6) Determinat ion of temperature  
d i s t r i b u t i o n s  a r e  p o s s i b l e ;  7)  The technique is a p p l i c a b l e  t o  measurements in process  
equipment. 

The spec t ra  which w e  cons ide r  were obtained f o r  py ro lys i s  measurements made i n  a tube 
r e a c t o r  desc r ibed  i n  ano the r  paper presented a t  t h i s  meeting (22) and combustion 
measurements m a d e  i n  s n  e n t r a i n e d  f low r e a c t o r  (17). 
access  t o  t h e  h igh  t empera tu re  products. For these  experiments ,  t h e  FT-IR measurement 
can provide a d i r e c t  measurement of the  c o a l  p a r t i c l e  temperature. The technique has  
been va l ida t ed  by making measurements under cond i t ions  where t h e  p a r t i c l e  temperatures  
a r e  known. A s i m p l e  c a s e  is i l l u s t r a t e d  i n  Fig. loa. For t h i s  case,  s u f f i c i e n t  t ime 
was allowed f o r  t h e  c o a l  t o  reach t h e  a sympto t i c  t ube  temperature  of 935% (1208 K) and 
f o r  primary p y r o l y s i s  t o  have occurred. The normalized emission spectrum is in good 
agreement wi th  a t h e o r e t i c a l  black-body a t  1190 K w i t h  an  ampli tude corresponding t o  an 
e m i s s i v i t y  of 0.9. The measured temperature  is i n  e x c e l l e n t  agreement wi th  t h e  tube 
temperature, a s  a 10°C d rop  i n  temperature  is expected between t h e  end of t h e  tube, and 
the measuring po in t  a t  0.75 c m  below t h e  end. 

The measurement of t empera tu re  before  and du r ing  py ro lys i s  is not  a s  simple. s i n c e  f o r  
t h e  s i z e  of c o a l  p a r t i c l e s  used here ,  on ly  s p e c i f i c  bands (corresponding t o  t h e  
absorbing bands i n  c o a l )  provide s u f f i c i e n t  absorbance f o r  t h e  s p e c t r a l  emi t t ance  t o  
reach 0.9. Then, on ly  t h e s e  r eg ions  can be used t o  compare t o  t h e  black-body. 
Examples for a 200 x 325 mesh f r a c t i o n  of a Montana L i g n i t e  i n j e c t e d  a t  3 grams/min 
i n t o  the tube r e a c t o r  a t  8OO0C (1173 K) w i t h  a cold helium v e l o c i t y  of 4 m/sec a r e  
presented i n  Figs. 10b and 1Oc. The same c o a l  w i th  a cold v e l o c i t y  of 28 m/sec i s  
shown in Fig. 10d. 
higher  v e l o c i t y ,  but  has  a shape similar t o  Fig. 10b where t h e  c o a l  is a t  a comparable 
temperature. The s p e c t r a  a r e  decidedly non-black o r  non-grey. Measurements show t h a t  
t h e  p a r t i c l e ' s  e m i s s i v i t y  is  s i z e ,  rank and temperature  dependent. The r e s u l t  can be 
understood by remembering t h a t  a p a r t i c l e ' s  emi t t ance  is r e l a t e d  t o  i t s  absorbance. 
Only the r eg ion  between 1000 and 1600 wavenumbers h a s  s u f f i c i e n t  absorbance t o  f u l l y  
a t t e n u a t e  t 8 e  i n c i d e n t  l i g h t  over  t h e  p a r t i c l e  thickness .  It is only i n  t h i s  region 
t h a t  the normalized emiss ion  can be compared t o  t h e  black-body. 
hydroxyl bands a r e  ques t ionab le .  

Figures  10b t o  10d c o n t a i n  t h e  b e s t  f i t  grey-body curve ( E -  0.9) i n  t h e  1000 t o  1600 
wavenumber r eg ion  and a grey-body curve (6= 0.9) corresponding t o  t h e  thermocouple 
measurement a t  the  FT-IR focus. The grey-body curves a r e  f i t ,  excluding the  region 
around 1500 wavenumbers where t h e r e  is i n t e r f e r e n c e  from water. The d i f f e r e n c e s  
between the FT-IR and thermocouple measurements were 30°C, 4O'C, and -13% f o r  
measurements a t  853 K, 953 K, and 913 K, r e s p e c t i v e l y .  The t h r e e  c a s e s  a r e  f o r  t r a n s i t  
d i s t ances  of 10, 30 and 50 cm in t h e  tube reac tor .  
temperature  and w i t h  changes i n  composi t ion a s  r i n g  condensat ion (which t a k e s  place 
during py ro lys i s )  makes t h e  cha r  more g r a p h i t i c .  
grey-body l i k e  Fig. loa.  only a f t e r  s u f f i c i e n t  t i m e  a t  e l eva ted  temperature  ( a f t e r  
primary p y r o l y s i s  is complete). 
(€=  0.9)- The s p e c t r u m  f o r  t h e  same c o a l  a t  935OC. Fig.  loa ,  is even  c l o s e r .  To 
determine t h e  change under  even more seve re  p y r o l y s i s  condi t ions ,  chars  of t h e  same 
coa l  were prepared a t  1300'C and then i n j e c t e d  i n t o  t h e  tube r e a c t o r  a t  800OC. The 
spectrum i n  Fig. 10e shows a grey-body wi th  an  e m i s s i v i t y  o f €  -0.70, c l o s e  t o  t h a t  
expected f o r  g raph i t e .  

The s p e c t r a l  e m i t t a n c e  i s  a l s o  p a r t i c l e  s i z e  dependent. 
f o r  a -400 mesh f r a c t i o n  of t h e  same l i g n i t e .  
region,  the  s p e c t r a l  e m i t t a n c e  i s  much lower than 0.9. As p y r o l y s i s  proceeded and 
p a r t i c l e  mass was l o s t ,  t h e  s p e c t r a l  emi t t ance  decreased even i n  t h e  1200 t o  1600 
region. These da ta  show t h a t  raw coa l  of a s i z e  used f o r  pulver ized c o a l  combustion 
does not have anywhere nea r  t h e  90% abso rp t ion  of r a d i a t i o n  which is usua l ly  assumed i n  

With t h i s  speed, tomographic 

Both r e a c t o r s  a l low o p t i c a l  

The spectrum is n o i s i e r  due t o  t h e  lower d e n s i t y  of coa l  a t  the  

The a l i p h a t i c  and 

The spec t ra  change wi th  p a r t i c l e  

The emission spectrum approaches a 

The spectrum of Fig. 1Oc is almost  a grey-body 

Figure 10f shows a spectrum 
Except f o r  t h e  1200 t o  1600 wavenumber 
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calculating the particle heating rates. 
(where furnace radiation is a maximum) is about 0.5 for the 200 x 325 mesh fraction and 
0.2 for the -400 mesh fraction. 

Figure log shows that temperature was determined as l o v  as 300°C. 
show temperature determinations during combustion. Under identical conditions, the 
lignite, at 1650 K is much more reactive than the bituminous coal at 1350 K. The 
particles spectral emittance have fallen to about 0.70 i n  agreement with the results of 
Fig. 10e. 

The average spectral emittance in the mid IR 

Figures 10h and 101 

ACKNOULEDGMENT 

The support of the Morgantown Energy Technology Center is gratefully acknowledged for 
the work on coal pyrolysis and on FT-IR emission/transmission spectroscopy. 
to thank Dr. John McClelland of Ames Laboratory who obtained the photoacoustic 
spectrum in Fig. 2 and Richard Neavel, at the Exxon Corporation, for permitting the 
use of data on the Exxon samples. 

We wish 

1. 
2. 

3. 

4. 

5. 
6. 

7. 
8. 
9. 
10. 

11. 

12. 
13. 
14. 
15. 
16. 
17. 

18. 

19 a 

20 I 

21. 

22. 

BHPBBKNCES 

Solomon, P.R. and Carangelo, R.M., Fuel, 61, 663, (1982). 
Solomon, P A ,  Hamblen, D.G., and Carangelo, R.M., "Applications of Fourier 
Transform IR Spectroscopy in Fuel Science", ACS Symposium SeriesE5, pg. 77, 
(1982). 
Solomon, P.R., Advances in Chemistry Series, Vol. 192, "Coal Structure", 95, 
(1981). 
Solomon, P.R. and Carangelo, R.M., "Characterization of Wyoming Subbituminous 
Coals and Liquefaction Products by Fourier Transform Infrared Spectrometry", 
EPRI Final Report, Project No. 1604-2. (1981). 
Kuehn, D.W., Snyder R.W., Davis, A., and Painter, P.C., Fuel, 1, 682. (1982). 
Painter, P.C., Starsinic, M., Squires, E., and Davis, A.A., Fuel, 62. 742, 
(1983). 
Sobkowiak. M., Reisser, E., Given, R., and Painter, P., Fuel, 63, 1245, (1984). 
McClelland, J.F., Anal. Chem., 55, 89A, (1983). 
Vidrine, D.W., Fourier TransformInfrared Spectroscopy, 3 ,  125, (1982). 
Riesser, B., Starsinic. M., Squires, E., Davis, A., and Fainter, P.C., Fuel, 63. 
1253, (1984). 
Wilson, M.A., Pugmire, R.J., Karas, J.,  Alemany, L.B., Woolfenden, W.R., 
Grant, D.M., and Given, P.H.. Analytical Chemistry, 56, 993. (1984). 
Retcofsky, H.L., Applied Spectrscopy, 21, 116, (1977). 
Durie, R.A.. Shewchyk, Y., and Sternhell, S . ,  Fuel, 5, 99, (1966). 
Brown, J.K., Ladner, W.R.. and Sheppard, N., Fuel, 2. 79, (1960). 
Brown, J.K., 3. Chem. SOC., 744, (1955). 
Mazumdar, B.K.. F u e l z ,  78. (1964). 
Solomon, P.R., Hamblen, D.G., Carangelo, R.M., and Krause, J.L., 19th Symposium 
(Int.) on Combustion, The Combustion Institute, Pittsburgh, PA, pg. 1139 (1982). 
Solomon, P.R. and Hamblen, D.G., Finding Order in Coal Pyrolysis Kinetics, 
Topical Report Submitted to the U.S. Department of Energy, under Contract 
//DE-AC21-FE05122 (1983). 
Solomon, P.R. and Hamblen, D.G., Measurement and Theory of Coal Pyrolysis 
Kinetics in an Entrained Flow Reactor, EPRI Final Report for Project 

Solomon. P.R., Hamblen, D.G., and Best. P.E., Coal Gasification Reactions with 
On-Line In-Situ FT-IRIAnalysis, DOE Quarterly Reports, Contract 
UDE-AC21-81FEO5122 (1981-1983). 
Best, P.E.. Carangelo, R.M. and Solomon, P.R. ACS Division of Fuel Chem, 2 
249 (1984). 
Solomon. P.R.. Serio, M.A., Carangelo, R.M. and Markham, J.R., Very Rapid 
pyrolysis, ACS Div. of Fuel Chemistry Preprints, 0 (1985). 

Rp 1654-8 (1983). 

7 



I 

8 I -- 
1 . . . , , , , 

4000 3200 2400 1600 800 
YAMNUMBERS 

F i g u r e  I .  FT-IR S p e c t r a  f o r  
a )  a Low V o l a t i l e  B i tuminous  C o a l ,  
b )  a High V o l a t i l e  B i tuminous  Coa l ,  
and  c )  a L i g n i t e .  

? 
dx Srbo zsbo 22b0 isbo iobo rbo 

WIVENUVBERS 

F i g u r e  3. 
by Hea t ing  a t  30°C/min t o  t h e  I n d i c a t e d  
Tempera tu res .  

FT-IR S p e c t r a  for Char s  Produced 

4000 3200 2400 1600 800 
YAVENUNBERS 

F i g u r e  2. Comparison of mr 
P e l l e t  and P h o t o a c o u s t i c  S p e c t r a .  

L 
0 ;; 300- 

2M - 
100 - 

A(al)/(H-H(OH)) 
F i g u r e  4. 
Aromatic  and A l i p h a t i c  A b s o r p t i v i t i e s  f o r  
Bi tuminous Coa l s ,  T a r s  and Char s .  

R e g r e s s i o n  A n a l y s i s  t o  Determine 

8 



C 

2 ' b  
a 

- - 
- - - - 
E -  9 - . - - 

D 

g 
f 

- - 
n 
I 

-D 1- 

- - _ _  - I 
- - -  

- - 

0 

0 

O 0  omo* 0 

Q 

I---- 

0 1 , , , 1  I l l  1 1  

eo 9n 100 70 eo 90 130 60 70 60 
K E l G H l  PERCENT CARBON IMI ' IFI  ULlOt l  PERCLNl CARBON (OAF 1 

F i g u r e  6. 
C o n c e n t r a t i o n  a )  FT-IR, P r e s e n t  R e s u l t s  and b) FT-IR (10).  

Hydrogen B a l a n c e ,  (H(a1) + H(ar))/(H-H(OH)) a s  a F u n c t i o n  of Carbon 

9 



N._ 
l l b o  sbo 7bo suo 

UflVLNUfWERf 

Hydrogen Stretch a t  3100 Wavenumbers 

3800 3100 2900 E700 
MVENUMBERS 

Figure 7. Comparison of Aromatic 
and Wag a t  800 Wavenumbers. 

0.m u.m 8.m u.m i6.m m m  wn 2a.m 
Elml RRml wm 

Figure 8. 
(3100 wavenumbers) t o  Aromatic Wag 
(800 wavenumbers) Absorption Bands 
a s  a Function of Oxygen Concentration. 
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TABLE I 

Author Ref. H(al)/H(ar) 

Brown 15  0.20 
Brown e t  a l .  14 0.33 
Retsser e t  a l .  10 0.35 
Durte, e t  a l .  13  0.38 

Summary of 
other data  

Retcof sky 12 0.48 
Present 0.52 

Durie, e t  a l .  13 0.56 
Mazumdar 16  0.59 

Resu 1 t s 

Summary of 
data  

Coals and 
Wilson e t  a l .  11 0.70 

0.46 
Vi t r tn t t e s  

Average 
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COMPARISON OF FOURIER TRANSFORM INFRARED-PHOTOACOUSTIC SPECTROSCOPY (FTIR-PAS) AND 
CONVENTIONAL METHODS FOR ANALYSIS OF COAL OXIDATION 

P.-L. Chien. R. Markuszewski, J. F. McClelland 

Ames Laboratory*, US DOE, Iowa State Univers i ty ,  h e s ,  Iowa 50011 

ABSTRACT 

I 
I 

Four ier  Transform Infrared-Photoacoustic Spectroscopy (FTIR-PAS) has been used 
t o  study va r ia t i ons  i n  coal ox ida t i on  produced under l abo ra to ry -con t ro l l ed  condi t ions 
(temperatures o f  140 and 150°C and exposure t imes up t o  72 hours). Prominent oxida- 
t ion-induced spect ra l  changes were monitored by the peak heights  o f  carbonyl (1690 
cm-l) and carboxylate (1575 cm-1) bands. 
p l o t t e d  against conventional t e s t  data which are sens i t i ve  t o  the ox ida t i on  l e v e l  o f  
coal. Good l i n e a r i t y  was observed f o r  comparisons w i t h  the U.S. Steel ox ida t i on  t e s t  
b y  a l k a l i  ex t rac t i on  and w i th  measurements o f  the heat ing value. Advantages demon- 
s t ra ted  f o r  the FTIR-PAS method o f  moni tor ing coal ox ida t i on  inc lude speed of analy- 
s i s  (several minutes), non-destructive character, minimal sample preparat ion (coarse 
powder), i n s e n s i t i v i t y  t o  sample mass, and f l a t  spect ra l  basel ines wi thout  hydroxyl 
band in ter ference c o m n  t o  KBr-pel l e t  I R  transmission spectroscopy. 

Changes i n  these peak heights  have been 

INTRODUCTION 

It i s  wel l  know t h a t  exposure o f  f resh  coal t o  a i r  w i l l  d e t e r i o r a t e  i t s  cok ing 
propensi ty  as well as heat ing value, f l o a t a b i l i t y ,  and o the r  proper t ies.  The oxida- 
t i o n  o f  coal begins w i th  adsorption (phys ica l  adsorption and chemisorption) o f  oxygen 
on accessible aromatic and a l i p h a t i c  surface s i t e s  t o  form ac id i c  func t i ona l  groups, 
i n  p a r t i c u l a r ,  -COOH. 4 0 .  and phenol ic  -OH (1) .  If mois ture i s  generated from chem- 
i c a l l y  combined hydrogen i n  coal, some chemisorbed oxygen w i l l  produce peroxide o r  
hydroperoxide complexes. 
ox ida t i on  temperature (140°C) i s  responsib le  f o r  t he  loss o f  CH groups (2) .  A t  l a t e r  
stages o f  ox idat ion,  t he  acids produced combine w i t h  phenol t o  generate es te rs  o r  
anhydrides (2,3,4). Conventional ox ida t i on  t e s t i n g  methods ( i nc lud ing  f r e e  swel l ing,  
Gieseler p l a s t i c i t y ,  U. S. Steel o x i d a t i o n  transmission, and heat ing values) not  on l y  
need a considerable t ime t o  complete a s ing le  measurement but  also o f f e r  no informa- 
t i o n  about the de ta i l ed  chemical changes o f  coal. For instance, the U. S. Stee l  
ox ida t i on  transmission t e s t  can o n l y  i n d i c a t e  whether o r  not coal i s  good f o r  metal- 
l u r g i c a l  use (5) whi le  heat ing values prov ide on ly  c a l o r i c  data. 

acoustic (7,8) Four ier  Transform I n f r a r e d  (FTIR) spectroscopy have been used exten- 
s i v e l y  i n  recent years i n  s tud ies o f  o x i d a t i o n  associated coal b e n e f i c i a t i o n  prod- 
ucts. These methods can he lp  reveal  t he  de ta i l ed  mechanisms o f  coal ox idat ion.  
Painter  e t  a l .  (2,3,6) appl ied the  t ransmiss ion FTIR method t o  study ox ida t i on  mech- 
anisms. 7hq a t t r i b u t e d  the formation o f  es te r  l i n k s  as responsib le  f o r  the loss o f  
f ree swel l ing cha rac te r i s t i cs  and suggested t h a t  loss o f  a l i p h a t i c  CH groups du r ing  
ox ida t i on  i s  responsible f o r  reduct ion o f  Gieseler  p l a s t i c i t y .  The groups o f  Hamza 
(7) and Lynch (8) have deduced t h a t  coal ox ida t i on  i s  i n i t i a t e d  a t  a l i p h a t i c  carbon 
adjacent t o  aromatic r i n g s  and t h a t  t he  i n i t i a l  generation o f  hydroperoxides and 
c y c l i c  peroxides precedes the  formation o f  carbonyl f u n c t i o n a l i t y  which can reduce 
t h e  hydrophobic i ty  o f  coal surfaces, r e s u l t i n g  i n  decreased f l o a t a b i l i t y .  
contrary, Spi tzer  (9) be l ieves t h a t  t he  decrease o f  f l o a t a b i l i t y  o f  coal a f te r  oxida- 
t i o n  i s  associated w i th  decreasing a l k y l  content and not w i th  increas ing oxygen con- 
tent .  

The breaking down o f  these hydroperoxide groups a t  h ighe r  

i Methods based on d i f f u s e  re f l ec tance  (4,7,8), transmission (2,3,6), and photo- 

On the 

I * k e s  Laboratory i s  operated f o r  the U. S. Department o f  Energy by Iowa State 
Un ive rs i t y  under Contract No. W-7405-Eng-82. 
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Although there  are controversies i n  exp la in ing  the o x i d a t i o n  r e s u l t s  character-  
i z e d  by FTIR methods, the in fo rmat ion  provided enables i n s i g h t s  i n t o  d e t a i l e d  re -  
ac t ion  mechanisms. However, there  are several inherent disadvantages i n  d i f f u s e  
re f lec tance and transmission methods inc lud ing  d i f f i c u l t y  i n  ob ta in ing  a su i tab le  
reference spectrun i n  d i f f u s e  ref lectance measurements, v a r i a b l e  moisture content i n  
KBr-pel l e t  t ransmission spectroscopy. tedious sample preparat ion,  severe background 
scatter ing,  d i f f i c u l t y  i n  se lec t ion  of cor rec t  sca l ing  f a c t o r s  f o r  spec t ra l  subtrac- 
t i o n ,  and u n c e r t a i n t y  o f  pressure ef fects i n  making KBr p e l l e t s .  The FTIR-PAS method 
i s  able t o  provide the  same q u a l i t y  of r e s u l t s  as t h e  o ther  FTIR methods i n  analyzing 
coa l  b e n e f i c i a t i o n  products bu t  w i th  fewer problems. I n  t h i s  paper, c a p a b i l i t i e s  o f  
the  FTIR-PAS method f o r  charac ter iz ing  coal o x i d a t i o n  are demonstrated w i t h  compari- 
sons of FTIR-PAS r e s u l t s  t o  those o f  conventional coal  ana lys is  data. 

EXPERIMENTAL 

FTIR-PAS spectra were measured w i t h  an IBM Instruments IR-98 FTIR system (8 cm-1 

The photoacoustic i n t e r f e r -  

Signals were ampl i f ied  

reso lu t ion ,  128 scans) and a photoacoustic c e l l  designed and constructed a t  the h e s  
Laboratory. 
gas dur ing measurements t o  enhance the  signal  amplitude. 
ogram s igna l  was detected i n  the frequency range 90 t o  900 Hz by a model 4176 prepo- 
l a r i z e d  Bruel and Kjaer microphone w i t h  50 mV/Pa s e n s i t i v i t y .  
by a thousand gain p r e a m p l i f i e r  before being fed i n t o  the  FTIR instrument f o r  pro- 
cessing. A f t e r  the  interferogram was Four ie r  transformed, spectra were subtracted 
using the IR-98 software and di f ference spectra p lo t ted ,  u s u a l l y  wi thout spec t ra l  
smoothing. 

The I l l i n o i s  No. 6 coal  used i n  t h i s  o x i d a t i o n  study was obtained from the h e s  
Laboratory Coal L i b r a r y  (11). It came from the Captain Mine i n  Randolph County, IL. 
The descr ip t ion  o f  t h e  coal i s  given i n  Table 1. 

The c e l l  sample cup volume was less  than 0.1 cm3 and contained h e l i u n  

Table 1. Analysis o f  I l l i n o i s  No. 6 Coal Performed at Pmes Laboratory 

S u l f u r  Forms ( d r y )  
Heating 

Proximate Organic Value 
An a1 ys i s , V o l a t i l e  Total  P y r i t i c  S u l f a t e  S u l f u r  (B tu / lb )  

( X ) :  Moisture Matter Ash Su l fu r  S u l f u r  S u l f u r  (by d i f f . )  Dry 

8.14 33.65 13.12 3.45 2.03 0.14 1.28 12,189 

U1 t imate 
Analysis, ( X ) :  C H S (  t o t a l  ) N O(by d i f f  ,)  

62.17 4.13 3.45 1.60 15.53 

Control led o x i d a t i o n  of the I l l i n o i s  coal was performed a t  h e s  Laboratory by  
p lac ing  samples i n  an oven at  e i t h e r  140 or 150°C f o r  varying times up t o  72 hours 
w i t h  an a i r  f low r a t e  o f  42 m l  per second. The p a r t i c l e  s i z e  ranged from 44 t o  125 
micrometers (120 t o  325 mesh). FTIR-PAS spectra, heat ing value measurements, and 
U. S. Steel o x i d a t i o n  t ransmission t e s t s  on the I l l i n o i s  #6 coal were also completed 
i n  t h i s  Laboratory. The amount o f  sample needed f o r  acqu i r ing  FTIR-PAS spectra was 
roughly 15 rng. 
ment. Raw o r  ox id ized  coal  was poured d i r e c t l y  i n t o  the photoacoustic c e l l ' s  sample 
holder and the spec t ra  were measured. Since the photoacoustic s ignal  i s  r a t h e r  i n -  
s e n s i t i v e  t o  the  amount o f  sample used f o r  measurements, volume sampling i s  adequate, 

No sample preparat ion a f t e r  s iev ing  was requ i red  f o r  t h i s  measure- 
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and i t  i s  unnecessary e i t h e r  t o  weigh out  samples f o r  analys is  o r  t o  ad jus t  the spec- 
trum weighting fac to r  dur ing spect ra l  subt ract ion.  The FTIR-PAS spect ra l  acqu is i t i on  
t ime i s  t y p i c a l l y  three minutes (128 scans) per sample. The degree of ox ida t i on  as 
character ized by t h i s  method i s  determined by the changes i n  peak heights  o f  carbonyl 
(1690 cm-l) and ion ized carboxyl (1575 cm-1) bands which can be q u a n t i t a t i v e l y  meas- 
ured by spect ra l  subt ract ion.  

Measurements f o r  the U. S .  Steel o x i d a t i o n  t ransmiss ion t e s t  (5) were performed 
by: adding l g  o f  coal sample t o  100 m l  o f  1 N NaOH; adding one drop o f  T e r g i t o l  t o  
the caustic-coal s lu r r y ;  b o i l i n g  the caustic-Foal s l u r r y  f o r  3 minutes; coo l i ng  and 
f i l t e r i n g  the s l u r r y  through a 45 micrometer Whatman f i l t e r  paper; d i l u t i n g  t h e  f i l -  
t r a t e  wi th  d i s t i l l e d  water t o  a t o t a l  volume o f  80 m l ;  and measuring the  percent  
transmission o f  the so lu t i on  w i t h  a spectrophotometer set a t  520 nm. The heat ing 
values were determined using the  standard A S M  method (D2015). 

RESULTS AND DISCUSSION 

Spectra l a  and l b  o f  Figure 1 are f o r  raw I l l i n o i s  #6 coal acquired b y  conven- 

Spectrum IC was ac- 

t i o n a l  transmission FTIR and FTIR-PAS methods, respec t i ve l y .  Besides the roblems o f  
background sca t te r i ng  and uncer ta in ty  o f  hydroxyl bonds (1600 and 3400 cm-p) i n  spec- 
trum la ,  these two methods g ive q u a l i t a t i v e l y  s i m i l a r  r e s u l t s .  
qu i red by the FTIR-PAS method on the same I l l i n o i s  #6 coal a f t e r  ox ida t i on  i n  a i r  a t  
140'C f o r  24 hours. Spectrum I d  shows the spect ra l  d i f f e rences  between the  ox id ized 
and the raw coal a f t e r  spect ra l  subt ract ion.  No weight ing f a c t o r  adjustment was used 
o r  was necessary because sca l i ng  o f  the FTIR-PAS spectrum i s  i n s e n s i t i v e  t o  sample 
mass. 

Besides the increases o f  carbonyl (1690 cm-1) and carboxy late (1575 cm-1) bands 
as wel l  as the decrease o f  a l i p h a t i c  CH groups (- 2900 on-1). there also appear t o  be 
s l i g h t  losses i n  aromatic CH (- 3050 cm-1) and i n  hydroxyl OH (- 3550 cm-1) groups. 
The observations at 1690, 1575, and 2900 011-1 are consis tent  wi th  P a i n t e r ' s  r e s u l t s  
(3,6), whi le  a l l  o f  t he  features observed are i n  agreement wi th  Smyrl 's r e s u l t s  (4). 
Apparently Pa in te r ' s  f a i l u r e  t o  see the features near 3050 and 3550 on-' i s  due t o  
t he  moisture i n te r fe rence  and subtract ion f a c t o r  se lec t i on  problems associated with 
transmission. Smyr l  appl ied an i n - s i t u  d i f f u s e  re f l ec tance  method t o  character ize 
coal ox ida t i on  .which, l i k e  the  present work, i s  f r e e  from worries o f  mois ture i n t e r -  
ference and subtract ion f a c t o r  se lect ion.  

Although there i s  controversy about which po r t i ons  o f  coal are consumed du r ing  
ox idat ion,  t he  carbonyl, carboxylate and es te r  groups produced by the r e a c t i o n  have 
never been doubted. Therefore, these func t i ona l  groups were selected t o  c o r r e l a t e  
w i t h  the r e s u l t s  from conventional cha rac te r i za t i on  methods. For instance, F igure 2 
shows the  increase o f  carbonyl and ion ized carboxyl peak heights  measured by t h e  
FTIR-PAS method and the  va r ia t i ons  o f  percent transmission measured by the U. S .  
Steel  ox ida t i on  transmission t e s t  versus t ime o f  ox ida t i on  f o r  I l l i n o i s  #6 coal sam- 
p l e s  at 140°C. S im i la r  sa tu ra t i on  trends f o r  FTIR-PAS and U. S .  Steel t e s t s  are 
evident for  ox ida t i on  conducted at both 140 and 150"C, r e s u l t i n g  i n  the  asymptotic 
behavior o f  carbonyl and carboxylate group changes. 
and u. S .  Steel t e s t  data are l i n e a r l y  corre la ted.  Data f o r  coal ox id ized a t  140'C 
and 150'C are p l o t t e d  i n  t h i s  f i g u r e  t o  show t h a t  l i n e a r i t y  i s  maintained f o r  two 
d i f f e ren t  ox ida t i on  condi t ions.  The l i n e a r  c o r r e l a t i o n  was found f o r  both tempera- 
t u r e s  t o  be t te r  than 6% transmission u n i t s .  

c o r r e l a t i o n  observed. 
i s  due t o  the formation o f  oxygen func t i ona l  groups. 
measurement o f  coking proper t ies,  the l i n e a r  r e l a t i o n s h i p  o f  these two methods 

F igure 3 shows t h a t  t h e  FTIR-PAS 

TW hypotheses regarding coal ox ida t i on  behavior are suggested by the  l i n e a r  
F i r s t ,  the loss o f  coking p roper t i es  o f  coal dur ing ox ida t i on  

Since the U. S .  Steel  t e s t  i s  a 
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F igure 1. Comparison o f  I l l i n o i s  #6 coal  spectra, measured by t ransmission and 
photoacoust ic methods and an example of a spectral  sub t rac t ion  r e s u l t  
using photoacoust ic spectra t o  show o x i d a t i o n  induced spectra changes. 

Oxidat ion Time (Hours) 

Figure 2. Progress o f  o x i d a t i o n  measured by the  FTIR-PAS method and U. S. Steel  
a l k a l i  e x t r a c t i o n  t ransmission t e s t  (a.u.=arbi t rary u n i t s ) .  
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suggests t h a t  both the degradation o f  coal i n  coking a b i l i t y  and the U. S. Stee l  
transmission value are due t o  the  formation o f  oxygen func t i ona l  groups. Second, the  
coal p a r t i c l e s  i n  t h e  s i ze  range explored appear t o  be o x i d i z i n g  un i fo rm ly  throughout 
t h e i r  volume ra the r  than t o  a decreasing degree w i t h  depth as would be the  case f o r  a 
d i f f us ion  l i m i t e d  process. 
coal sample, p a r t i c l e s  are opaque and the  FTIR-PAS measurement senses a surface layer  
whereas the U. S. Steel t e s t  i s  a bu lk  determination. Since the data o f  t h e  two 
methods have a l i n e a r  co r re la t i on ,  the surface and bu lk  regions appear t o  be uniform- 
l y  oxidized. To t e s t  t h i s  hypothesis fu r the r ,  the coal samples ox id ized at 140'C 
were ground t o  the micrometer s i ze  range t o  permit t he  FTIR-PAS measurement o f  the 
bu lk  ma te r ia l  ox ida t i on  changes since t h e  p a r t i c l e s  are no longer opaque. To prevent 
add i t i ona l  coal ox ida t i on  dur ing the  g r ind ing  process, t he  gr inder  capsule which 
contained coal was cooled by l i q u i d  n i t rogen.  The r e s u l t s  obtained from t h e  FTIR-PAS 
spect ra o f  ground, ox id ized coal are p l o t t e d  i n  F igure 4 against t he  r e s u l t s  before 
gr ind ing.  The l i n e a r  r e l a t i o n  found i n  t h i s  p l o t  i nd i ca tes  the same t ime e v o l u t i o n  
for  ox ida t i on  o f  surface and bu lk  regions o f  t he  samples. 
cesses do not  appear t o  be e i t h e r  separate surface-bulk processes o r  d i f f u s i o n - l i m i t -  
ed processes but r a t h e r  processes occurr ing un i fo rm ly  throughout the  bu lk  f o r  t h e  
experimental condi t ions used. 

There are tm, heat ing value est imat ing formulas ava i l ab le  f o r  coal, t h e  Dulong 
and the  Dulong-Berthelot formulas (Ref. 1. p. 35). 
value decreases l i n e a r l y  w i th  increas ing oxygen content o f  coal. This impl ies t h a t  
t he  decrease o f  heat ing value dur ing ox ida t i on  can be co r re la ted  l i n e a r l y  w i t h  the 
amount o f  oxygen func t i ona l  groups produced. F igure 5 i s  a p l o t  o f  the decrease i n  
t h e  ASTM heat ing value versus increase i n  coal ox ida t i on  as monitored by changes i n  
the  sun o f  peak amplitudes associated w i t h  carbonyl and carboxylate bands o f  I l l i n o i s  
86 coal. A common l i n e a r  r e l a t i o n  was found between these two methods f o r  both 140 
and 150'C ox ida t i on  condi t ions.  
rada t ion  and FTIR-PAS data may enable op t im iza t i on  o f  coal b e n e f i c i a t i o n  processes 
when coal ox ida t i on  occurs dur ing the process. Since the b e n e f i c i a t i o n  process i n -  
cludes demineral izat ion, t he  decrease o f  mineral contents o f  coal can a lso be m n i -  
t o red  by the same FTIR-PAS spectrum. Hence, the  t rade -o f f  between mineral removal 
and loss o f  heating value can be evaluated based on one sample and a s ing le  data 
acqu is i t i on  e f f o r t .  Furthermore, the c o r r e l a t i o n  between the U. S. Steel t e s t  and 
FTIR-PAS data can also be used, t o  determine whether or not demineral ized coal s t i l l  
has coking p roper t i es  f o r  me ta l l u rg i ca l  use. 

Koppers Company, were also s tud ied and the FTIR-PAS spectra were measured. L inear  
co r re la t i ons  were found between our FTIR-PAS r e s u l t s  and r e s u l t s  obtained p rev ious l y  
(10) for t he  U. 5. Steel ox ida t i on  transmission, f r e e  swel l ing index, and Gieseler  
p l a s t i c i t y  t es ts .  These f ind ings,  which w i l l  be repor ted f u l l y  elsewhere, suggest 
t h a t  FTIR-PAS data can be co r re la ted  and subs t i t u ted  f o r  data from these conventional 
coal t e s t s  which demand more time. 

I n  the  above discussions, o n l y  spect ra l  changes o f  oxygen-containing f u n c t i o n a l  
groups generated dur ing ox ida t i on  of  coal were used t o  c o r r e l a t e  w i t h  conventional 
t e s t i n g  method resu l t s .  If the other features o f  FTIR-PAS sub t rac t i on  spectrum I d  
(as shown i n  F igure 1) are also invo lved i n  the  da ta  manipulat ion, m r e  r e l a t i o n s  may 
be found t h a t  w i l l  p rov ide a b e t t e r  understanding o f  t he  ox ida t i on  process. 

The hypothesis i s  based on the f a c t  t h a t  f o r  t h i s  s i z e  

Hence, t h e  ox ida t i on  pro- 

I n  these two formulas t h e  heat ing 

This l i n e a r  r e l a t i o n s h i p  between heat ing va lue deg- 

Samples o f  coal ox id ized by natura l  weathering, which were provided by the  
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Figure 3. Comparison o f  FTIR-PAS signal  t o  U. S. Steel o x i d a t i o n  t ransmission t e s t s  
a t  the o x i d a t i o n  temperatures o f  140 and 150'C (a.u.=arbi t rary u n i t s ) .  

I t  1 ,  I 6  I B 9 10 

FTIR-PAS Signal o f  Coarse Powder Coal (a.u.). 
(44 - 1 2 5 ~  p a r t i c l e  s ize)  

Figure 4. P l o t  o f  t h e  photoacoustic s igna l  f o r  coarse opaque versus signal  f o r  f i n e  
non-opaque coal  powders showing t h a t  ox ida t ion  has occurred un i fo rmly  
through t h e  coarse powder volume (a.u.=arbi t rary u n i t s ) .  
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F igure 5. Comparison o f  FTIR-PAS s ignal  t o  heat ing value measurement a t  t h e  
ox ida t i on  temperatures o f  140 and 150'C (a.u.=arbitrary un l t s ) .  

CONCLUSIONS 

FTIR-PAS spect ra l  changes induced by coal ox ida t i on  have been found t o  c o r r e l a t e  
l i n e a r l y  wi th  r e s u l t s  of conventional coal analys is  methods t h a t  are sens i t i ve  t o  
coal oxidation. Advantages demonstrated fo r  the FTIR-PAS method o f  moni tor ing coal  
ox ida t i on  inc lude speed of analys is  (several minutes), non-destructive character, 
minimal sample preparat ion (coarse powder), i n s e n s i t i v i t y  t o  sample mass, and f l a t  
spect ra l  basel ines wi thout  hydroxyl band in te r fe rence  common t o  KBr-pel l e t  I R  t rans-  
mission spectroscopy. 
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A SPECTROSCOPIC STUDY OF THE PRODUCTS OF REC'UCTIVE ALKYLATION 

OF AN ILLINOIS COAL 

Leon M. Stock and Reid S. Willis 

Department of Chemistry, University of Chicago, Chicago, IL 60637 

INTRODUCTION 

Mild chemical reactions such as alkylation and reductive alkylation provide 
techniques for the conversion cjf coal macromolecules into substances that are solu- 
ble. The soluble prcdlicts of such rextions can be investigated by one and two 
dimensional, high resollition NMR spectroscopy to obtain structural int'ormatiori 
tion that is often difficult to obtain by the investigation of solids. Moreover, the 
soluble products can be subjected to selective chemical transformations to obtain 
additional information to guide the interpretation of the spectroscopic results. 
This article concerns the use of a selected series of chemical reactions and nuclear 
magnetic resonance spectroscopy for the definition of the structural characteristics 
of the reactive carbanions and oxygen aniorls formed during the reductive alkylation 
of an Illinois No. 6 coal. 

RESULTS AND DISCUSSION 

The reductive alkylation (1,2) of a representative Illinois No. 6 coal, 
ClooH87~0013~1S1~9NO~75, with 8.2 % ash, was carried out as shown. 

Coal K, Naphthalene(-l)w Coai Polyanion 1 )  
THF,25OC, 100 Hrs 

=- Coal(R) 2 )  RX Coal Polyanion 
THF, 25OC, 48th 

The reactions were performed and thelgroducts were isolated as described previously 
(3) using methyl, methyl-d methyl- C, and ethyl iodide as the alkylating agents. 
The yield of tetrahydrofur%-soluble products ranged from 48 to 68% in 15 experi- 
ments. 
In particular, the very typical, broad oxygen-hydrogen stretching frequency was ab- 
sent in the spectra of the products. 
ble, alkylated coal was examined by vapor pressure osmometry (4). 
that the number average molecular weight of the material obtained after filtration 
and gel permeation chromatography is about 2060 in pyridine solution. 

are consumed per 100 carbon atoms of this coal during reductive alkylation ( 3 ) .  
lyses of the soluble reaction products obtained in the reaction with methyl-d 
for deuterium by deuterium nuclear magnetic resonance spectroscopy and by corndust ion 
mass spectroscopy (5) indicate that the most soluble products contain '11 f 1.5 alkyl 
grotips per 100 carbori atoms. 
in the reduction and the degree of alkylation arises, in part, because the reactive 

Infrared spectroscopy established that the alkylation reaction was complete. 

The niolecular weight distribution of the solu- 
The results imply 

Several different meacurenients indicate that about 22 equivalents of potassium 
Ana- 

iodide 

The difference between the amount of potassium consumed 

'' 
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intermediates generated in the reduction reaction abstract hydrogen from tetrahydro- 
furan. The occurrence of this reaction was demonstrated by conducting the reduction 
In the presence of labeled tetrahydrofuran and quenching the reaction in water. We 
estimate that not less than 5 hyurogen atoms are incorporated into the coal macro- 
molecules from the solvent on the basis of the degree of incorporation of deuterium 
in the experiment and the anticipated primary kinetic isotope effect. 

methyl- C iodide by carbon NMR spectroscopy indicate that about eqbal quantities of 
C- and 0-alkylation products are fornie (3). Following a leading observation by Ig- 
nasiak and his coworkers (6), we also examined the carbon NMR spectrum of the pro- 
ducts obtained in a reductive ethylation reaction. There were 5 prominent absorption 
bands in the spectrum as outlined in Table 1. The resonance at 8.5 ppm is surpri- 
singly intense and implies that the concentration of ethyl groups at saturated, qua- 
ternary carbon atoms is quite high. Indeed, quantitative analysis of the spectral 
data sugsest that the carbon alkylation reactions occur preferentially at highly sub- 
stituted positions and at primary benzylic positions and are compatible with the idea 
that this coal contains three distinct structures--reactive aryl methyl groups, acti- 
vated trisubstituted methane fragments, and aromatic structures--that may be alkyl- 
ated. 

0-Alkylation.--The assignments of the resonances of the 0-methylati99 products 
observed in regions 1, 2, and 3 obtained in the reactions with methyl- C iodide, 
Figure 1, are sunimarized in Table 2. The assignments presented in column A are based 
upon chemical shift data exclusively. 
structures of the compounds responsible for these resonances, we carried out a series 
of selective chemical transformations. 

C-f3kylation.--Quantitative analyses of the reactior: products obtaineG using 

To obtain more definite information about the 

First, the soluble reaction products were hydrolyzed using tetrabutylammonium 
hydroxide in aqueous tetrahydrofuran for 24 hours at room temperature. 
was acidified with dilute hydrochloric acid and the product was isolated and dried 
prior to the reexamination of its carbon spectrum. 
absorption at 51 ppm revealed that over 98% of the intensity was removed. Hence, the 
resonances in region 3 arise, virtually exclusively, from alkyl and aryl carboxylic 
acid esters. 

Second, acid hydrolysis was carried out to examine the proposal of Haenel and 
coworkers (7) thirt enol methyl ethers may, in part, be responsible for the resonance 
signals in region 1. The reaction was carried out with 2N hydrochlcric acid in 
aqueous tetrahydrofuran for 48 hours at room temperature. The product was recbvered 
and the NMR spectrum recorded. There was no change in the absolute intensities of 
the resonance signals in regions 1 and 2. Thus, methyl vinyl ethers are not formed 
to a measurable degree in the rechctive alkylation of the Illinois coal. 

Third, a selective displacement reaction was used to distinguish the methyl 
alkyl ethers from the methyl aryl ethers. 
lithium iodide in collidine at 170°C for 24 to 48 hours was used for this purpose. 
The chemical literature indicates that this reaction is highly selective for the dis- 
placement of methyl groups (8). 

The solution 

Quantitative measurements of the 

The reaction of the soluble coal with 

RC02CH3 > ArOCH3 >> Alky10CH3 

ArOCH3 >> ArylOAlkyl and AlkylOAlkyl 

Appropriate control experiments with collidine indlcated that the alkylated coal 
could be recovered unchanged from the reaction medium in the absence of lithium io- 

I 

r 
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dide. However, whec the reaction was carried out with in the presence of the iodide 
there was a 70% decrease in solubility in tetrahydrofuran. The product was alkylated 
with unlabeled ethyl iodide to yield a material that was more than 80% soluble in 
Pyridine. The carbon NMR spectrum of this product is greatly altered, Figure 2A. 
Specifically, the areas of regiors 1,  2, and 3 are decreased by 96, 89, and loo%, 
respectively . 

zyl methyl ethers cari be cleaved selectively by boron trifluoride-etherate and a 
thiol, equations 3) and 4). 

Fourth, it is known (9) that primarq and secondary alkyl methyl ethers and ben- 

R2CHOCH3 - R2CHO(CH3)BF3 3 )  

R2CHO(CH3)BF3 + R'SH+R'SCH3 + R2CHOH t BF3 4) 

This reaction was performed with the I3C enriched demethylateo coal using 
1.2-ethanedithiol at room temperature. The prodwt of the reaction was quite soluble 
in organic solvents. The changes in the intensities of the resonances at 55 and 58 
ppm, Figure 2B, are particularly informative. The signal at 58 ppm has disappeared 
from the spectrum but the signal at 55 ppm is unaltered. These results imply that 
the compounds responsible for the residual signal at 58 ppm in Figure 2A are alipha- 
tic methyl ethers and that the compounds responsible for the residual signal at 55 
ppm in Figures 2A and 28 are aryl methyl ethers that. resist dealkylation by both li- 
thium iodide and borontrifluoride-ethanedithiol. The observations are most consis- 
tent with the presence of dimethoxyaryl compounds. 

These compounds are known to resist demethylation with lithium iodide and to be inert 
toward acid-catalyzed cleavage. Thus, we infer that about 4% of the methyl groups 
added to this coal appear in such structures. The existence of compounds of this 
type may also be inferred from the differences observed in the nuclear Overhauser 
effect for the compounds in region 2 relative to the NOE for the other 0-alkylation 
products. 

The fact that the acid-catalyzed ether cleavage reaction eliminates the reso- 
nance at 58 ppm confirms the assignment of this weak signal to an aliphatic methyl 
ether. The chemical shift observed for this resonance is in accord with the reso- 
nance expected for the carbon atom of the methyl group in a primary alkyl methyl 
ether, but is incompatible with the signal expected for a simple primary benzyl 
methyl ether. 

CONCLUSION 

nois NO. 6 coal. groadly speaking 5.5 of these groups are bonded to carbon atoms 
and 7 are bonded to oxygen atoms. 
alkylation products can be detected. 

Reductive alk lation adds about 12.5 alkyl groups/100 carbon atoms to the Illi- 
Only very Smal1 quantities Of nitrogen and sulfur 

The spectroscopic results for the reductively 
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ethylated coal suggest that the C-alkylation I-eactions proceed via reductive alkyla- 
tion to yield substituted dihydroaromatic com ounds, equation 5) ,  and via base-cata- 
lYzed alky!aticn to yiela substituted arylmetianes as shown in equations 6)  - 8) .  

5) 

The occurrence of the latter reactions strongly suggests that this Illinois coal con- 
tains three or four reasonably strong carbon acids per 100 carbon atoms. 
tence of these reaction sites offers new opportunities for other selective transfor- 
mation reactions. 

transformed 0-alkylation products provide a reasonable basis for the definition of 
the relative abundances of the different 0-alkylation products. 
analysis is shown in Column B of Table 2. The new observations provide definite in- 
formation regarding the occurrence of low, but observable, quantities o f  alkyl methyl 
ethers, the presence of significant amounts of highly hindered aryl methyl ethers and 
dimethoxyaryl compounds and carboxylic acid esters. Our results also exclude se- 
veral types of compounds. Thus, primary benzylic methyl ethers, secondary and ter- 
tiary alkyl methyl ethers as well as vinyl methyl ethers are not present in detecta- 
ble amounts. We infer that the observed distribution of products in the alkylated 
coal is comparable to the distribution o f  these functional groups in the original 
coal. As a consequence, the new results provide a more secure basis for the discus- 
sion of the structure and reactivity of this coal. 

The exis- 

The results obtained in the spectroscopic investigaticns of the chemically 

The outcome of the 
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Table 1. The Assignsent Of Resocances in the Carbon NMR Spectrum o f  heductively 
Ethylated Coal. 

Chemical Shift Assignment 
(ppm) Resonance of  Ethyl Group, Reaction 

8.5 

12.5 

15 

65 

69 

Methyl, ethylation at tertiary carbanionic 
center t o  form quaternary product, 
R3C ( CH2cH3 1 

Methyl, ethylation at secondary carbanionic 
center to forni tertiary product, 
R2CH(CH2cH3 1 

Methyl, ethylation at primary carbanionic 
center to form secondary product, 

Methyl, ethylation ht oxygen, ArO(CH2iH3) 

oxygen, C.rO(LH2CHs) 

oxygen, %ArO(cH,CH3 ) 

RCH2(CH2cH3) 

Methylene, ethylation at unhindered aryl 

Methylene, ethylation at hindered aryl 

L 

\ 
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Table 2. Column A. The Assignments o f  the Resonances in the 0-Alkylation Re- 

The Relative Abundances of the 0-Alkylation Pro- 
gion of the Carbor: NMR Spectrum of Reductively Methylated Illinois No. 
6 Coal. Column 8. 
ducts Defined by Chemical Conversions and Carbon N M K  Spectroscopy. 

Column A 
Possible NMR Assignments 

Column El 
Relative Abundancea 

I 

1 .  Region Centered a t  61 ppm 

Vinyl ethers 

Primary alkyl ethers 

Primary benzyl ethers 

Hindered aryl ethers 

2. Region Centered a t  55 ppm 

Secondary alkyl ethers 

Unhindered aryl ethers 

Dihydroxyaryl compounds 

Simple aryl ethers 

3. Region Centered a t  51 ppm 

Tertiary alkyl ethers 

Aryl- and Alkylcarboxylic 
a c i d  esters 

Region Centered a t  61 ppm 

Primary alkyl ethers 0.1 

Hindered aryl ethers 2.2 

Region Centered a t  55 ppm 

Unhindered aryl ethers 

Dihydroxyaryl compounds 0.6 

Simple aryl ethers 3 .3  

Region Centered a t  51 ppm 

Aryl- and Alkylcarboxylic 
acid esters 0.8 

/ 

I 
aThe results have been normalized on the basis of the analytical results which 
suggest t h a t  there are 7 0-methyl groups per 100 carbon atoms i n  the alkylated 
products. 

Y 
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I\ I I  1 C- Alkvlalion 

7 0  60 5 0  40 30 20 I O  

Chemical Shifl, ppm 

Figure 1 .--The carbon nuclear magnetic resonance spectrum o f  an intemediate 
molecular weight, gel permeation chromatography fraction o f  the pro- 
duct of reductive methylation of Illinois No. 6 coal. 

Spectrum B 

I " ' , ,  I 1 1 1 , , 1 , , ,  

BO 60 40 20 0 
Chemicol Shift,  ppm 

Figure i'.--The carbon nuclear magnetic resoriance spectrum of  the material 
shown in Figure 1 ( A )  af ter  treatment with lithium iodide in colli- 
dine end (8) af te r  subsequent treatment with boron trifluoride and 
ethanedithiol. 
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A DETAILED STRUCTURAL CHARACTERIZATION OF HEAVY CRUDE 
ATMOSPHERIC TOWER BOTTOMS 

by ' 

0 W Grand 0. A. Oanner, T. L. Youngless. e eulmer, D. C. Young. and L. Pe t rak i s  

As the petroleum i n d u s t r y  f i nds  i t s e l f  faced w i t h  i nc reas ing  propor-  
t i o n s  o f  heavy sour crude, researchers must address the  problem o f  how t o  
upgrade t h i s  ma te r ia l  t o  be compatible w i t h  e x i s t i n g  r e f i n e r y  processes and 
product slates. The f i r s t  problem t o  be faced i n  upgrading a heavy crude o r  
res idue i s  how t o  cha rac te r i ze  the ma te r ia l  we l l  enough t o  understand the 
chemistry o f  the upgrading process. Crude residues a re  f a r  more complex than 
coal l i q u i d s  f o r  they no t  on ly  conta in  a v a r i e t y  o f  aromatic and h e t e r o c y c l i c  
u n i t s ,  but  they a l so  con ta in  naphthenic and a l k y l  subs t i t uen ts  o f  almost 
i n f i n i t e  v a r i e t y  on these s impler  u n i t s  as we l l  as heavy alkanes. 

The samples t h a t  w i l l  be discussed here were der ived from a Maya 
(Mexico) crude ( A P I  g r a v i t y  19.1'). Since we are p r i m a r i l y  i n t e r e s t e d  i n  the 
chemistry o f  t h e  residue, the crude was d i s t i l l e d  a t  680°F (36OOC) t o  ob ta in  
an atmospheric tower bottom (ATB). The Maya ATB i s  61% o f  the crude and has 
an A P I  g r a v i t y  o f  7.7' and a s u l f u r  content o f  4.7%. 

I n  order  t o  s i m p l i f y  t he  cha rac te r i za t i on  and upgrading chemistry, 
t h e  Maya ATB was separated chromatographica l ly  i n t o  asphaltene, t h ree  acid, 
three base, neu t ra l  o i l  and neu t ra l  r e s i n  f r a c t i o n s  on a p repara t i ve  scale 
(1 kg) (1, 2). The separat ion y i e l d s  and elemental ana lys i s  o f  t h e  f r a c t i o n s  
are shown i n  Table I. A wide v a r i e t y  o f  charact  r i z a t i o n  echniques were then 
appl ied t o  many o f  these f rac t i ons ,  i n c l u d i n g  'H NMR, "C NMR (conventional 
and INEPT ( 3 ) ) .  h igh  r e s o l u t i o n  mass spectrometry (4) (HRMS), GC-MS ( 5 ) ,  and 
atom s p e c i f i c  GC (6). 

Flame i o n i z a t i o n  de tec to r  (FID) and f lame photometric de tec to r  (FPO) 
gas chromatograms o f  t h e  Maya ATB neutra l  o i l  are shown i n  F igure 1 (5). The 
chromatograms were obta ined on a Varian 3700 us ing a 10 f t  long, 1 /8  i n c h  OD 
column packed w i t h  10% O V - 1  on acid-washed Chromasorb W. The FID t r a c e  shows 
an alkane se r ies  from ~ C 1 7  t o  n-C34 superimposed on a broad unresolved hump. 
The s u l f u r  s p e c i f i c  FPO t r a c e  shows some r e s o l u t i o n  o f  a few peaks a t  t h e  low 
b o i l i n g  end of  t h e  chromatogram and a s i m i l a r  unresolved hump. Other than  the 
normal alkane ser ies,  no s p e c i f i c  compounds were i d e n t i f i e d  i n  the chronatogram. 
I n  s p i t e  o f  t he  r a t h e r  small amount of i n fo rma t ion  obtained on t h i s  sample, 
gas chromatographic techniques were found t o  be use fu l  i n  mon i to r i ng  changes 
i n  the hydrocarbon and s u l f u r  species upon upgrading. 

I n  o rde r  t o  e l i m i n a t e  i n te r fe rences  from saturates,  t he  n e u t r a l  o i l  
was f u r t h e r  separated i n t o  saturates, aromatics and po la rs  by HPLC. Th is  was 
done on a Waters HPLC us ing  a dry  s i l i c a  (22-47 mesh) column. 
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The aromat ic  f r a c t i o n  was analyzed us ing a Kratos MS 50 high 
r e s o l u t i o n  mass spectrometer (HRMS) operated w i t h  an i o n i z i n g  vo l tage o f  
70 eV, t o  ob ta in  q u a n t i t a t i v e  i n fo rma t ion  on the aromatic and he te rocyc l i c  
compounds i n  t h e  n e u t r a l  o i l  (4). Table I1 i s  a summary o f  t h e  HRMS r e s u l t s ,  
g i v ing  the  weight percentage of  the var ious species by 2 number and the  
average number of carbon atoms i n  each 2 class. For example, dibenzothiophenes 
were 3.32% o f  t h e  sample and had an average o f  about s i x  carbon atoms attached 
t o  the basic dibenzothiophene u n i t .  Searching through the l i s t  o f  s p e c i f i c  
compounds i n  t h e  sample reveals  that dibenzothiophene accounts f o r  0.19% o f  
the sample, methyl dibenzothiophene 0.4312, etc., through the se r ies  o f  a l k y l  
dibenzothiophenes up t o  mass 408, C 1  dibenzothiophenes. Several hundred 
i n d i v i d u a l  mass peaks are i d e n t i f i e d  !y carbon number, 2 c lass ,  heteroatom 
content and weight percentage. This s p e c i f i c  i n fo rma t ion  a l l ows  the  moni tor ing 
o f  the r e a c t i v i t y  o f  p a r t i c u l a r  molecules o r  molecular types. 

GC-MS was a l so  app l i ed  t o  t h e  aromatic cu t  of the Maya ATB neu t ra l  
o i l ,  A Finnigan 4500 system w i t h  a 60-meter DB-5 fused s i l i c a  c a p i l l a r y  
column was used. Due t o  the poor GC separat ion (see Figure l), few GC peaks 
could be i d e n t i f i e d .  However, knowing the masses o f  t h e  s u l f u r  species i n  the  
sample from HRMS, s p e c i f i c  i o n  chromatograms were generated t o  ob ta in  isomer 
number i n fo rma t ion  and t o  observe the r e l a t i v e  r e a c t i v i t y  o f  these isomers i n  
hydroprocessing (6). F igure 2 shows t h e  mass chromatograms f o r  dibenzothiophene 
(DBT) (m/z = 184) and s u b s t i t u t e d  DBT through C7. 

Proton and 1 3 C  NMR spectra were obta ined on most o f  t he  f r a c t i o n s  
from t h e  Maya ATB on a V ian XL-200 FT NMR instrument. Table I 1 1  gives some 
o f  the r e s u l t s  from the  % NMR data on t h e  f ract ions.  Note t h a t  the neu t ra l  
! i l s  a r e  the l e a s t  aromatic f r a c t i o n ,  being comprised o f  aromatics and 

polars," which a re  only about one t h i r d  aromatic, and 25% saturates,  which 
gave no e tec tab le  s igna l  i n  the aromatic region. Figures 3 and 4 show t h e  
normal "C NMR and INEPT spectra of t h e  aromatic cu t  o f  the neu t ra l  o i l  (3). 
The INEPT technique causes t h e  NMR s igna ls  due t o  CH and CH3 t o  be i n v e r t e d  
and v i r t u a l l y  e l i m i n a t e s  t h e  s igna ls  due t o  carbons w i t h  no protons a ched 
such as those wi th  a chemical s h i f t  around 140 ppm i n  the normal %C N M i  
spectra. A complete ana lys i s  o f  t h e  spectrum g ives much more s t r u c t u r a l  
deta i  1. 

The l H  NMR spectrum o f  the Maya ATE neu t ra l  o i l  aromatics i s  shown 
i n  F igure 5. Although the  spectrum i s  not  r i c h  i n  d e t a i l ,  due t o  the complex 
mixture i n  t h e  sample, i t  can be analyzed by the technique o f  C l u t t e r ,  
Pet rak is  e t  al. t o  g i ve  average molecule i n fo rma t ion  (7). These data a re  
presented i n  Table I V .  Compared t o  t h e  1 3 C  NMR technique, t h e  proton data 
give a somewhat lower  a r o m a t i c i t y  (0.27 v sus 0.34) and a much lower (15.6% 
versus 28%) naphthenic carbon content. f5C NMR techniques are bel ieved t o  
give t h e  more r e l i a b l e  data. l H  NMR, however, i s  b e t t e r  f o r  determin ing the  
number of a l k y l  subs t i t uen ts .  

While some o f  these types o f  data can be fo rma l l y  i n teg ra ted  t o  
produce concentrat ions o f  f unc t i ona l  groups (8). the general p i c t u r e  o f  t he  
Maya ATB neu t ra l  o i l s  t h a t  can be synthes ized from the data i s  t h a t  t he  
ma te r ia l  i s  a very complex m ix tu re  o f  hydrocarbons and s u l f u r  heterocycles. 
I t  conta ins about 25% saturates w i t h  alkanes from C17 t o  about C40, a l k y l  

I 
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naphthenes, and very few isoprenoids. About 75% o f  t he  neu t ra l  o i l  i s  a l k y l  
aromatics and thiophene-based compounds t h a t  are mostly from 1 t o  5 r i ngs ,  
have some naphthene subs t i t uen ts ,  and are subs t i t u ted ,  on the  average i n  three 
t o  fou r  pos i t i ons  w i t h  a l k y l  groups t h a t  range from methyl t o  about C 6. The 
r a t i o  of methyl t o  longer  chains i s  1.5:l and the  average leng th  o f  t i e  a l k y l  
chain i s  about 5. Qian e t  a l .  g ive data from an aromatic cu t  of a petroleum 
p i t c h  which has s i m i l a r  a romat i c i t y ,  bu t  a h ighe r  molecular weight and longer 
a l k y l  chains (9). 

Due t o  t h e i r  very complex nature, these petroleum residues requ i re  
extens ive separat ion and as many analyses as are a v a i l a b l e  and affordable. 
While t h e i r  absolute accuracy i n  desc r ib ing  the  molecules i n  the mixture may 
be subject  t o  a v a r i e t y  o f  e r ro rs ,  the s t reng th  of  the a n a l y t i c a l  techniques 
described here i s  i n  measuring changes i n  the  molecular s t r u c t u r e s  upon 
hydroprocessing. 

References 

L. Petrak is ,  R. G. Ruberto, D. C. Young, and B. C. Gates, Ind. Eng. 
Chem. Process Des. Dev., 2, 292 (1983). 

D. M. Jewell .  E. W. Albaugh. B. E. Davis, and R. G. Ruberto, Ind. Eng. 
Chem. Fundam., 2, 278 (1974). 

g'13C NMR Mul t i -Pulse Sequences f o r  the Analysis o f  Coal and Petroleum 
Products," R. Gerhards, i n  "Magnetic Resonance. In t roduc t i on ,  Advanced 
Topics and App l i ca t i ons  t o  F o s s i l  Energy," L. Pe t rak i s  and 
J. P. Fra issard,  eds., D. R e i l e l  Pub l i sh ing  Co.. Dordrecht, The 
Netherlands, 1984, pp. 377-407. 

I. P. F isher  and P. Fischer, Talanta, 21 (8) ,  867 (1974). 

"Detectors," M. J. 0' Brien, i n  "Modern P rac t i ce  o f  Gas Chromatography," 
R. L. Grob, ed., John Wiley and Sons, New York, 1977, pp. 266-269. 

"Techniques o f  Combined Gas ChromatographylMass Spectrometry: Appl i c a -  
t i o n s  i n  Organic Analysis," W. H. McFadden, John Wiley and Sons, New 
York, 1973, p. 252. 

D. R. C l u t t e r ,  L. Petrak is ,  R. L. Stenger, and R. K. Jensen, Anal. 
Chem., 2, 1395 (1972). 

L. Pet rak is ,  D. T. A l len,  G. R. Gavalas, and B. e. Gates, Anal. Chem., 
- 54, 1557 (1983). 

S. A. Qian, C. F. L i ,  and P. 2. Zhang, Fuel, 63, 268 (1984). 

I 

31 

Y 
c: 



TABLE I 

Yie ld  and Elemental Composition o f  Maya AT8 Fract ions 

Yie ld  % 

Asphal tene 

Very Weak Base 

Weak Base 

Strong Base 

Very Weak Acid 

Weak Acid 

Strong Acid 

Neutral Resin 

Tota l  Recovery X 

cx 

69.68 

24.14 

0.86 

0.07 

0.01 

0.17 

0.04 

1.23 

2.39 

98.58 

fi 
84.26 

84.30 

82.65 

81.78 

49.49 

53.98 

80.32 

61.81 

58.39 

76.28 

0 %  

10.40 

11.31 

1.83 

9.42 

6.32 

6.86 

8.02 

6.65 

6.91 

8.43 

- N %  

0.47 

0.82 

1.41 

2.48 

18.95 

12.87 

4.93 

14.13 

16.79 

3.14 

- S % Tota l  

0.51 4.70 

1.53 3.79 

1.12 6.97 

0.15 5.00 

0.30 6.04 

3.34 7.55 

1.60 4.02 

0.85 1.72 

3.74 0.20 

0.81 5.08 

- -  
100.34 

101.75 

99.98 

98.83 

81.10 

84.60 

98.89 

85.16 \ 

86.09 

93.74 

\ 
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TABLE I 1  

High Resolut ion Mass Spectrometry Data on Maya ATB Neut ra l  O i l  Aromatics 

2 # Hydrocarbon Type 

Monoaromat i cs 
-6 A l k y l  benzenes 
-8 Indans 

-10 Indenes 

-12 Naphthalenes 
-14 Biphenyls 
-16 Fluorenes 

-18 Phenanthrenes 
-20 Phenanthrocycloparaf f  i ns 

-22 Pyrenes 
-24 Chrysenes 

-26 
-28 Benzpyrenes 
-30 D i  benzanthracenes 

D i  aromatics 

T r i  aromat i cs 

Tet raaromat i cs 

Pentaaromat i cs 
Ch rysocyc 1 opa r a  f f i ns 

Polyaromat i cs 
-32 - 34 
-36 

Thiophenes 
-10s Benzothiophenes 
-12s 
-14s 
-16s D i  benzothiophenes 
-18s 
-20s 
-22s Benzonaphthothiophenes 
-245 
-26s 
-28s 

Phenol s/Furans 
-60 Phenols 

-160 Dibenzofurans 

-220 Benzonaphthofurans 
-180 

AV C # 

14.03 
15.37 
15.16 

15.96 
18.08 
18.80 

19.86 
20.78 

21.50 
22.92 

24.48 
25.20 
26.48 

25.73 
27.07 
28.40 

20.38 
20.41 
20.22 
18.14 
20.47 
18.28 
21.05 
22.65 
22.00 
23.97 

6.00 
15.28 
16.36 
18.56 

AV C NO 19.33 AV 2 NO -16.88 

W t %  To ta l  W t  - 
28.01 

12.75 
7.08 
8.18 

7.79 
5.29 
6.81 

19.88 

10.61 
4.48 
6.13 

3.54 
3.94 

3.77 

7.48 

10.04 

2.21 

2.52 
2.59 
0.58 
3.32 
1.28 
1.03 
1.36 
1.15 
0.90 
0.62 

0.04 
0.18 
0.13 
0.25 

15.35 

0.60 

C/H = 1/1.127 
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TABLE 111 

Carbon D i s t r i b u t i o n  i n  Fractions by 13C NMR 

% Aromatic % Naphthenic % Saturate 

Neutral O i l s  25% (ca lc)  

Aromatics 60.0' 34% 28% 
Saturates 2 5 . P  0% 34% 
Polars 14.3* 32% NO 

Very Weak Acid 62 % 12 

Weak Acid 54% 17% 

Strong Acid 

Very Weak Base 

Weak Base 

Strong Base 

45% 

44: 

52% 

22 

23% 

ND 

26 

29% 

33 

33% 

ND 

*Percentage o f  neutra l  o i  1. 

TABLE I V  

Average Molecule Data on Maya ATB Neutral O i l  Aromatics from l H  NMR 

Aromatici ty : 

Aromatic Rings/Molecule: 

Aromatic Ring CarbonsfMolecule: 

Average Molecular Formula: 

Z Alky l  Carbon: 

Alkyl Substi tuentsfMolecule: 

CarbonslAl t y l  Subst i tuent :  

I b n b r i d g e  Aromatic R i n g  Carbons: 

0.27 

1.7 

8.6 

C31.7 H43.4 

72.8 

3.6 

6.4 

23.1 

7 Monoaromatics: 

'I O i d r m t i c s :  

? Triaromatics: 

Average Molecular Uelght: 

Nonbri dge Aromatic CarbonsIMol ecul e :  

Z SuBSt. of  Nonbridge Arom. Carbons: 

Naphthene Rings /Molecule: 

I Uaphthenic Carbon 

NOTE: Average mol ut i s  based o n l y  on C and H and does not account f o r  0. S. N. etc. 

34 

43.8 

46.9 

9.3 

423.9 

7.3 

57.8 

1.4 

15.6 
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FIGURE 1 

PID and POD Chromatograms 
of Maya ATB Neutral O i l  

FIGURE 2 

Speci f ic  Ion Chromtogrma for Dibearothiaphene and 
Shbstituted Dibenrothiophenes in Uaya ATB Neutral Oil. Aromatic Fraction 
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ABSTRACT 

A method o f  d i r e c t  de termina t ion  o f  t h e  organ ic  s u l f u r  con ten t  o f  s o l i d  
f o s s i l  f u e l s  has been developed u s i n g  t h e  t ransmiss ion  e l e c t r o n  microscope. The 
technique uses the  d e t e c t i o n  o f  t h e  k l i n e  o f  s u l f u r  t o  measure t h e  presence o f  
s u l f u r  and t h e  volume from which t h i s  r a d i a t i o n  comes i s  measured u s i n g  t h e  
bremsstrahlung r a d i a t i o n  counted simultaneously w i t h  t h e  s u l f u r  l i n e .  
App l ica t ions  have been made t o  t h e  organic s u l f u r  con ten t  o f  whole and t r e a t e d  
coals,  t o  amber and t o  kerogen i n  o i l  shale. 
i t s  a b i l i t y  t o  measure the  v a r i a t i o n  o f  o rgan ic  s u l f u r  con ten t  over extremely f i n e  
distances. 

The g r e a t e s t  value o f  t h e  method i s  

INTRODUCTION 

S u l f u r  i s  found i n  coal  i n  two p r i n c i p a l  forms: minera l  s u l f u r  ( p r i n c i p a l l y  
p y r i t e s )  and organic s u l f u r  d i s t r i b u t e d  through t h e  carbonaceous mat te r .  The 
convent ional  method o f  de termina t ion  o f  t h e  organic s u l f u r  con ten t  i s  a two s t e p  
process (1). F i r s t ,  t o t a l  s u l f u r  i s  measured. Then t h e  p y r i t i c  and s u l f a t i c  
s u l f u r  i s  determined a f t e r  s e l e c t i v e  d i s s o l u t i o n  o f  t h e  minera ls  w i t h  acids.  
organic s u l f u r  i s  c a l c u l a t e d  as t h e  d i f f e r e n c e  between t h e  t o t a l  s u l f u r  and t h e  
mineral  s u l f u r .  
sound when app l ied  t o  raw coa ls ,  b u t  t h e r e  may be problems w i t h  a n a l y s i s  o f  
chemica l l y  processed c o a l s  (2,3). 
average s u l f u r  concent ra t ion  and i s  unable t o  d i s t i n g u i s h  among p o s s i b l e  
v a r i a t i o n s  e i t h e r  s p a t i a l l y  o r  among the  maceral types. 

o f  organic s u l f u r  i n  coal  which does no t  depend upon t h i s  d i f f e r e n c e  technique. 
These methods have commonly u t i l i z e d  the  x-ray emission l i n e s  o f  s u l f u r  t o  d e t e c t  
i t s  presence and have used a v a r i e t y  o f  s t a n d a r d i z a t i o n  techniques t o  p r o v i d e  
numerical data and t o  d i f f e r e n t i a t e  among t h e  v a r i e t y  o f  s u l f u r  forms which may be 
present. Several e a r l i e r  papers have descr ibed these techniques (4-11). Pmong 
them, t h e  ex tens ive  work o f  Raymond and Gooley and o f  Straszheim and Greer should 
be e s p e c i a l l y  noted. The r e s o l u t i o n  o f  these techniques u s i n g  e i t h e r  t h e  e l e c t r o n  
microprobe o r  t h e  S E M  i s  about 5 p ,  so t h e  volume of  each measurement i s  immensely 
l e s s  than t h a t  o f  the  standard ASTM technique. 
us ing  t h e  microprobe o r  SEM ins t ruments  does r e q u i r e  t h e  averaging over a number 
o f  i n d i v i d u a l  observa t ions  t o  take  account o f  p o s s i b i l i t y  o f  v a r i a b i l i t y  i n  
organic s u l f u r  content f rom p l a c e  t o  p lace  i n  t h e  coa l .  

We have extended t h i s  e l e c t r o n - o p t i c a l  technique t o  even f i n e r  s p a t i a l  
r e s o l u t i o n  u s i n g  t h e  t ransmiss ion  e l e c t r o n  microscope. The specimens a r e  e i t h e r  
f i n e l y  d i v i d e d  powders o r  f o i l s  o f  coa l  which are t h i n  enough t o  be p r a c t i c a l l y  
t ransparent  t o  t h e  e l e c t r o n  beam. The technique has been adapted from methods 
developed by H a l l  and h i s  c o l l a b o r a t o r s  f o r  measurement o f  o r g a n i c a l l y  dispersed 
elements i n  b i o l o g i c a l  t i s s u e  (12-15). We have developed a p p l i c a t i o n s  o f  the  
technique, standardized t h e  method f o r  our  microscope and have presented f i r s t  
r e s u l t s  i n  a p u b l i c a t i o n  i n  Fuel (16). 
fea tures  o f  t h e  technique here. 

The 

This commonly used ASTM procedure (method 0 2492) i s  apparent ly  

Furthermore, t h i s  method prov ides  on ly  an 

A number o f  i n v e s t i g a t o r s  have examined t h e  p o s s i b i l i t y  o f  d i r e c t  measurement 

Determinat ion o f  average values 

We r e f e r  o n l y  b r i e f l y  t o  t h e  c h i e f  
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THE TEM MTHOD 

The geometry o f  t h e  measurement i s  sketched i n  Fig. 1.  An e l e c t r o n  beam i s  
i n c i d e n t  upon a c o a l  f o i l  which i s  l e s s  than 1 
atoms i n  the  i r r a d i a t e d  volume cause t h e  emission o f  c h a r a c t e r i s t i c  x-ray l i n e s  
which can be counted by  an approp r ia te  de tec to r .  A t  t h e  same t ime, t h e  background 
r a d i a t i o n  i s  counted f rom t h e  same volume. The Ka l i n e  o f  s u l f u r  has an energy o f  
about 2300 eV and we measure t h e  bremsstrahlung r a d i a t i o n  over  the range 10-18 
keV; a t y p i c a l  spectrum i s  sketched i n  Fig.  2. 
o f  t he  volume being i r r a d i a t e d  by t h e  e lec t rons  i s  s imp ly  r e l a t e d  t o  t h e  r a t i o  o f  
these two count  r a t e s :  

t h i c k .  I o n i z i n g  c o l l i s i o n s  w i t h  

The organic  s u l f u r  concen t ra t i on  

We have found t h i s  equat ion t o  be w e l l  s a t i s f i e d  f o r  t h i n  specimens and have 
determined t h e  p r o p o r t i o n a l i t y  constant  A u s i n g  known s u l f u r  standards. 
For our  inst rument  and t h e  geometry o f  ou r  de tec to r ,  A has t h e  value 1.6. 
Th is  number va r ies  s l i g h t l y  among t h e  coa ls  because the  bremsstrahlung r a d i a t i o n  
i s  somewhat dependent on t h e  C/O r a t i o  i n  the  hydrocarbon ma t r i x .  
Th is  v a r i a t i o n  i s  s l i g h t  however, be ing  on ly  a few percent  f o r  coa ls  from t h e  sub- 
bituminous t o  a n t h r a c i t e  range. 

We emphasize t h a t  success o f  t h e  method i s  achieved on ly  i f  t h e  coal  f o i l  i s  
t h i n  enough t h a t  t h e  e l e c t r o n  beam i s  e s s e n t i a l l y  undimin ished i n  pass ing through 
t h e  f o i l  so t h a t  the i n t e n s i t y  o f  i o n i z a t i o n  o f  t h e  elements i n  t h e  coal  i s  
un i fo rm throughout  t h e  i r r a d i a t e d  volume. 
s u l f u r  l i n e  o r  t he  bremsstrahlung r a d i a t i o n  should occur i n  t h e  specimen. 
coal  f o i l s  l e s s  t h a n  1 p i n  th ickness,  these c o n d i t i o n s  a re  amply met. 

' 

Furthermore no abso rp t i on  o f  e i t h e r  t h e  
For 

APPLICATIONS TO COAL 
Measurement o f  t he  Average Organic S u l f u r  Content 

We have t e s t e d  t h e  technique u s i n g  a h igh  organic  s u l f u r  bituminous coal  and 
a low organic  s u l f u r  a n t h r a c i t e .  Ten t h i n  f o i l s  f rom each c o a l  were prepared and 
f i v e  measurements were made on each f o i l .  The t o t a l  o f  f i f t y  measurements f o r  
each coal  i s  averaged t o  g i v e  the  o rgan ic  s u l f u r  content .  The o rgan ic  s u l f u r  
content  o f  a t h i r d  coa l ,  a l ow  s u l f u r  bituminous, was determined by examining the 
s u l f u r  con ten t  o f  powdered macerals. The graph i n  Fig. 3 shows t h a t  r e s u l t s  from 
t h i s  method compare very w e l l  w i t h  those from t h e  s tandard ASTMmethod f o r  these 
th ree  coals .  
e lec ted  t o  u t i l i z e  t h e  most va luable f e a t u r e  o f  t h i s  technique,  namely the  s p a t i a l  
v a r i a t i o n .  

We c o u l d  make a d d i t i o n a l  measurements o f  t h i s  type, b u t  we have 

Spa t ia l  V a r i a t i o n  o f  t h e  Organic S u l f u r  Content 

A measurement was made over a coal  maceral (presumably v i t r i n i t e )  i n  an 
I l l i n o i s  rY5 coal .  
about 2.6 w t %  o rgan ic  s u l f u r  w i t h  a v a r i a t i o n  o f  about 25% about t h i s  mean. A t  one 
p o i n t  i n  the  maceral a s l i g h t  excurs ion away from t h e  edge showed a much h ighe r  
organic  s u l f u r  con ten t  local l .y,  some 3.5%. 

around minera l  p a r t i c l e s  i n  coal ,  and f i n d  some v a r i a t i o n .  
sure t h a t  t h a t  v a r i a t i o n  was no t  a f u n c t i o n  of the maceral t y p e  i n  which t h e  
mineral was located,  r a t h e r  than be ing  due t o  t h e  mere presence o f  a minera l .  
Consequently, we need t o  c a r r y  out a d d i t i o n a l  work t o  show t h e  f a c t o r s  on which 
t h i s  v a r i a t i o n  depends. I n  p a r t i c u l a r ,  we a re  i n t e r e s t e d  t o  see whether t h e  
organic  s u l f u r  v a r i e s  as one approaches c l o s e l y  t o  a s u l f i d e  p a r t i c l e  o r  whether 
i t  remains constant  r i g h t  up t o  t h e  edge o f  t h e  p a r t i c l e .  
t o  see whether the  o rgan ic  s u l f u r  concen t ra t i on  i n  the v i c i n i t y  o f  a s u l f i d e  i s  

That v a r i a t i o n  i s  sketched i n  Fig.  4. The average va lue i s  

We have made a d d i t i o n a l  measurements o f  v a r i a t i o n  o f  s u l f u r  concen t ra t i on  
We were n o t  completely 

Fur ther ,  we would l i k e  
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a l t e r e d  a s  the coal  i s  heated i n t o  the  temperature range where s u l f i d e s  a r e  known 
t o  decompose (some 700 K ) .  

V a r i a t i o n  o f  Organic S u l f u r  Between Submaceral Types 

i n  repeated measurements on some c o a l s  was due t o  random s p a t i a l  v a r i a t i o n  o r  
whether i t  might be due t o  v a r i a t i o n  i n  s u l f u r  con ten t  o f  maceral types. It i s  
known t h a t  the organ ic  s u l f u r  con ten t  o f  c o a l s  v a r i e s  i n  the order  S ( e x i n i t e )  > 
S ( v i t r i n i t e )  > S ( i n e r t i n i t e ) .  Our technique seems t o  have the  c a p a b i l i t y  o f  
determining t h i s  on a f i n e  scale. We have made measurements on a coal  which had 
been separated i n t o  maceral f a c t i o n s .  We used an Indiana bi tuminous coa l ,  PSOC 
106, which had been separated i n t o  maceral f a c t i o n s  by t h e  g r a d i e n t - c e n t r i f u g e  
method employed a t  the  Argonne Nat iona l  Labora tory  (17,18). Our f i r s t  
measurements on t h e  gross maceral types showed t h e  expected general t rend.  For 
t h e  i n e r t i n i t e  the  average was 0.428 we, f o r  the  v i t r i n i t e ,  0.61 wt% and f o r  the  
e x i n i t e  1.2 wt%.  Y u l t i p l y i n g  these numbers by the  known f r a c t i o n s  o f  t h e  maceral 
t ypes  gave an average value o f  0.64 w t %  S, observat ions made by Dyrkacz 
independent ly gave an average value o f  0.57 w t % .  H i s  measurements a r e  discussed 
f u r t h e r  i n  more d e t a i l  (19).  

values, b u t  the  range o f  o rgan ic  s u l f u r  con ten t  f o r  the t h r e e  maceral types. 
p a r t i c u l a r ,  the e x i n i t e s  gave wide v a r i a t i o n ,  from 0.03 t o  2.31 w t %  f o r  t h e  f i f t y -  
f i v e  observat ions made on t h a t  maceral type. 

Measurements o f  b o t h  types a r e  i n  progress.  

We wished t o  see whether the v a r i a t i o n  we'observed i n  o rgan ic  s u l f u r  con ten t  

The most s i g n i f i c a n t  f e a t u r e  o f  these measurements was n o t  the  average 
I n  

We then took maceral f r a c t i o n s  separated on an even f i n e r  sca le  so t h a t  the  

We took 12 d e n s i t y  f r a c t i o n s  o f  t h i s  coal ,  5 e x i n i t e s ,  3 v i t r i n i t e s  
Each was measured independent ly.  Data f o r  these t h r e e  

organic s u l f u r  con ten t  o f  submaceral types could be determined independent ly o f  
each other.  
and 4 i n e r t i n i t e s .  
v i t r i n i t e s  a re  d isp layed i n  Fig. 5. These graphs show t h e  organ ic  s u l f u r  con ten t  
measured over many micron s i z e  p a r t i c l e s  o f  p a r t i c u l a r  d e n s i t y  f r a c t i o n s .  
averages a r e  l i s t e d  on t h e  graphs and the spread about the  averages i s  ev ident .  

The 

A p l o t  o f  the  average organ ic  s u l f u r  con ten t  o f  a l l  12  maceral f r a c t i o n s  i s  . I  

shown i n  Fig.  6. One sees a gradual curve, r i s i n g  from the  dense i n e r t i n i t e s  
toward the l i g h t e r  v i t r i n i t e s  i n t o  the  e x i n i t e .  Then the curve  goes th rough a 
h i g h  value a t  a d e n s i t y  around 1.18, and f a l l s  o f f  toward the  l i g h t e r  f r a c t i o n s .  

/ 

I 

I The peak value o f  o rgan ic  s u l f u r  con ten t  about the d e n s i t y  1.18 i s  
s t r i k i n g .  
we e lec ted  t o  measure the organ ic  s u l f u r  con ten t  o f  an i n d i v i d u a l  s p o r i n i t e  
maceral embedded i n  whole coal ,  n o t  separated from i t s  surrounding by f i n e  

u n t i l  a s p o r i n i t e  maceral was observed embedded i n  surrounding v i t r i n i t e  
macerals. A hole a p p r o p r i a t e  f o r  e l e c t r o n  microscope observa t ion  was m i l l e d  a t  
t h i s  po in t .  The organ ic  s u l f u r  con ten t  o f  t h i s  area was measured from one 
v i t r i n i t e  maceral through the s p o r i n i t e  i n t o  the o t h e r  v i t r i n i t e  maceral. As was 
expected, the  organic s u l f u r  con ten t  o f  t h e  s p o r i n i t e  maceral was much h igher  than 
t h a t  o f  the  surrounding v i t r i n i t e  macerals, see Fig. 7. Furthermore, the organ ic  
s u l f u r  con ten t  r i s e s  sharp ly  a t  the  boundary between the v i t r i n i t e  and s p o r i n i t e  
maceral s. 

Since i t  i s  b e l i e v e d  that the maceral s p o r i n i t e  has about t h i s  dens i ty ,  

/ g r ind ing .  A specimen o f  I l l i n o i s  #5 coal  was examined by r e f l e c t a n c e  microscopy 

r' 

i 
This poses an i n t e r e s t i n g  quest ion.  Is the h i g h  organ ic  s u l f u r  o f  s p o r i n i t e  

a func t ion  o f  h igh  organ ic  s u l f u r  i n  the  i n i t i a l  spore and would i t  be t r u e  f o r  
p o l l e n s  as w e l l ?  We are  examining these quest ions.  

I 
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AMBER 

Amber i s  a f o s s i l i z e d  r e s i n  f rom e i t h e r  deciduous t r e e s  o r  needle t rees .  I t  
i s  ak in  t o  the r e s i n i t e  maceral t ype  i n  coa l .  Therefore we des i red  t o  measure the 
organic s u l f u r  con ten t  o f  amber t o  see how i t  would f i t  i n  t h i s  scheme. A 
measurement on an amber o f  Dominican o r i g i n  showed t h a t  the organic s u l f u r  content 
was low, much l e s s  than I%, and t h a t  i t  v a r i e d  from about 0.14 t o  0.3 w i t h  an 
average value over s i x  measurements o f  0.2 w t %  s u l f u r .  S i m i l a r  measurements f o r  a 
B a l t i c  amber gave an  average value of  about 0.33% organ ic  s u l f u r  w i t h  o n l y  a small 
v a r i a t i o n  about t h i s  mean. 
F ig .  6 which i n d i c a t e  t h a t  r e s i n i t e ,  a low d e n s i t y  maceral, should be on the  lower 
end of a curve such as t h a t  i n  Fig.  6. We a r e  now examining r e s i n i t e  maceral 
f r a c t i o n s  taken f rom whole c o a l s  t o  determine the  v a l i d i t y  o f  t h i s  observat ion.  

elements may be p r e s e n t  i n  o r g a n i c a l l y  d i s t r i b u t e d  form, see Fig. 8. 
I n  a d d i t i o n  t o  t h e  Ka l i n e  o f  s u l f u r ,  l i n e s  f o r  C1, K and Ca are present.  We 
b e l i e v e  t h a t  these elements too a r e  o r g a n i c a l l y  d i s t r i b u t e d ,  a l though one cannot 
r u l e  o u t  the p o s s i b i l i t y  o f  t h e r e  being t i n y  p r e c i p i t a t e s  below the  l i m i t s  o f  
r e s o l u t i o n  o f  the  e l e c t r o n  microscope (some 2 0 4  o r  so).  Since l i n e s  f o r  A l ,  S i  
and heavy metals a r e  absent,  p r e c i p i t a t e s  o f  a c l a y - l i k e  na ture  o r  o f  m i n e r a l s  
conta in ing  i ron ,  copper and o t h e r  heavy metals a re  n o t  t o  be seen. The 
measurement does show t h a t  o rgan ic  elements o t h e r  than s u l f u r  migh t  be detected 
and measured us ing  the  e l e c t r o n  microscope technique, w i t h  a p p r o p r i a t e  
StandardiZdtiOn o f  the  cons tan t  A i n  Equat ion 1. 

These measurements a r e  c o n s i s t e n t  w i t h  the data i n  

Amber a1 so has o t h e r  1 i n e s  i n  the x-ray emission spectrum showing t h a t  o ther  

OIL SHALE 

O i l  shale c o n t a i n s  carbonaceous matter d i s t r i b u t e d  i n  pores i n  the massive 
mineral c r y s t a l s  and a l s o  as an i n t e r p a r t i c l e  f i l m  between the minera l  c r y s t a l s .  
An e l e c t r o n  microscope observa t ion  o f  a t h i n  f o i l  o f  a Green R i v e r  shale from the 
mahogany zone i s  shown i n  F ig .  9. The kerogen i s  the  l i g h t  m a t e r i a l  between the  
dark mineral  b locks.  One a l s o  sees t h a t  smal le r  m i n e r a l s  a r e  a l s o  embedded w i t h i n  
the kerogen f i l m ;  i n  t h i s  p a r t i c u l a r  specimen they are  a phosphate. We have 
measured the organ ic  s u l f u r  con ten t  along a l i n e  i n  a kerogen f i l m  over a d is tance 
o f  about 100 ,,m. 
1.3 w t %  w i t h  an average va lue  over 6 randomly spaced p o i n t s  o f  about 0.4 w t %  
su l fu r .  

S i x  observa t ions  were made; they range i n  value from 0.2 w t %  t o  

We emphasize t h a t  t h i s  technique i s  a va luab le  method of  measuring the  
organic s u l f u r  c o n t e n t  o f  the  carbonaceous mat te r  i n  o i l  shale i n  s i t u .  
Furthermore, the v a r i a t i o n  over d i f f e r e n t  reg ions  i n  t h e  kerogen cou ld  r e a d i l y  be 
determined. 

SUMMARY 

The technique we have descr ibed measures the organ ic  s u l f u r  con ten t  o f  fue l  
m a t e r i a l s  d i r e c t l y .  
d e t e c t i n g  system. 
the  var ious  carbonaceous mat r ices ,  b u t  these a r e  a t  most 5-10%. 
The technique i s  p robab ly  n o t  va luab le  f o r  measuring t h e  average organ ic  s u l f u r  
content of coa ls  where the  standard ASTM method might  be employed, s ince  the  
e l e c t r o n  microscope i s  expensive t o  use and demands c a r e f u l  specimen 
prepara t ion .  
con ten t  of kerogen, t a r  sands and o ther  carbonaceous m a t e r i a l  i n  s i t u .  I t s  
g r e a t e s t  value, though, seems t o  l i e  i n  i t s  a b i l i t y  t o  measure small s p a t i a l  
v a r i a t i o n s  i n  o rgan ic  s u l f u r  c o n t e n t  and i n  de termin ing  the v a r i a t i o n  o f  organic 
su l fu r  c o n c e n t r a t i o n  among maceral types i n  e i t h e r  whole o r  t r e a t e d  coa ls .  
F i n a l l y  i t  has promise i n  de terminat ion  o f  changes i n  o rgan ic  s u l f u r  con ten t  which 
accompany heat t rea tments  o r  chemical t reatments.  

I t  must be standardized t o  a p a r t i c u l a r  microscope and 
Small v a r i a t i o n s  i n  the  p r o p o r t i o n a l i t y  cons tan t  A e x i s t  among 

However, i t  has h i g h  p o t e n t i a l  f o r  measuring the organ ic  s u l f u r  
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APPLICATION OF SCANNING ELECTRON MICROSCOPY AND AUTOMATE0 
IMAGE ANALYSIS FOR CHARACTERIZATION OF MINERAL MATTER I N  COAL 

Warren E. Straszheim and Richard Markuszewski 

h e s  Laboratory* and Department o f  Engineering Science and Mechanics 
Iowa State Univers i ty .  Ames, I A  50011 

INTRODUCTION 

The value of t he  scanning e lec t ron  microscopy i n  p rov id ing  i n - s i t u  i n fo rma t ion  
on t h e  microst ructure o f  ma te r ia l s  such as coal I s  we l l  known. m a r t i c u l a r l y  
su i ted  for examining the f i n e l y  d i s t r i b u t e d  mineral p a r t i c l e s  found i n  f ine ly-ground 
coal. 
data can be provided. 
c a l  analysis t o  be performed on these minute features, thus a l lowing a t e n t a t i v e  
i d e n t i f i c a t i o n  of t he  mineral phase. 

microscopy (SEM) and energy-dispersive x-ray analys is  (EDX) i s  ga in ing ever wider 
acceptance as a powerful t o o l  f o r  the i n - s i t u  cha rac te r i za t i on  o f  mineral mat ter  i n  
coal (1). The SEM-AIA technique i s  a b m o m b i n e  data from SEM and EDX measure- 
ments t o  provide de ta i l ed  in format ion on sample character t h a t  i s  not  ava i l ab le  from 
other  ana ly t i ca l  methods. The unique features o f  A I A  inc lude in format ion generated 
f o r  size, shape, composition, and associat ion o f  mineral phases with the coal 
ma t r i x .  

lems. 
mation on the  d i s t r i b u t i o n  o f  the minera l  species present i n  coal, i t  lends i t s e l f  
p a r t i c u l a r l y  wel l  t o  the cha rac te r i za t i on  of minera ls  i n  raw and processed coals. 
D i s t r i b u t i o n  o f  minerals by both phase and p a r t i c l e  s i ze  i s  o f  great importance t o  
almost any work on coal, but i t  i s  espec ia l l y  useful t o  coal p lan t  operators  i n  de- 
termin ing the steps necessary f o r  e f f e c t i v e  and e f f i c i e n t  removal o f  undesirable 
mineral phases dur ing c leaning (2). 
amounts o f  the mineral phases present; such in format ion i s  ava i l ab le  from 
d i f f r a c t i o n  or i n f ra - red  spectroscopy. But t he  s i ze  o f  t he  minera ls  and t h e i r  r e l a -  
t i o n  t o  the coal ma t r i x  i s  j u s t  as important. 
recent  pub l i ca t i on  o f  our s tud ies ( 3 ) .  
i n  raw coals and coa ls  supercleaned by f l o a t - s i n k  techniques was described. 

described. The discussion w i l l  inc lude p a r t i c l e  detect ion and measurement, mineral 
phase i d e n t i f i c a t i o n  by x-ray analys is  us ing a f i l e  of chemical d e f i n i t i o n s ,  and t h e  
number o f  p a r t i c l e s  needed t o  develop r e l i a b l e  r e s u l t s  and adequate r e p r o d u c i b i l i t y  
between samples. I n  addit ion, a t t e n t i o n  w i l l  be given t o  problems i n  the a p p l i c a t i o n  
of A I A  techniques t o  coal, i nc lud ing  d i f f i c u l t i e s  a r i s i n g  from a wide spread i n  the  
minimm and maximum p a r t i c l e  sizes, problems i n  the  apparent enrichment o f  p y r i t e  
content due t o  instrumental f ac to rs ,  and the  specia l  case of cha rac te r i z ing  chemical- 
l y  t reated coals. 

I n  pol ished cross section, a wealth of size, shape, roughness, and associat ion 
Addi t ion o f  an energy-dispersive x-ray analyzer permi ts  chemi- 

The use o f  automated image analys is  (AIA) i n  conjunct ion w i th  scanning e lec t ron  

The SEM-AIA technique i s  appl icable t o  a wide v a r i e t y  of cha rac te r i za t i on  prob- 
Because the i n - s i t u  nature o f  t h i s  c a p a b i l i t y  can prov ide q u a n t i t a t i v e  i n f o r -  

It i s  not adequate t o  know on ly  the r e l a t i v e  
x-ray 

Such in format ion was provided i n  a 
I n  t h a t  work, t he  mineral mat ter  d i s t r i b u t i o n  

I n  t h i s  work, t he  SEM-AIA technique as an ana ly t i ca l  method f o r  coal w i l l  be 

h e s  Laboratory i s  operated fo r  t he  U. S. Department o f  Energy by Iowa S ta te  
Un ive rs i t y  under Contract No. W-7405-Eng-82. 
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The SEM-AIA techniques have been appl ied at the Ames Laboratory t o  many samples 
o f  bituminous and sub-bituminous coals  t o  cha rac te r i ze  t h e i r  mineral content f o r  
s tud ies of c l e a n a b i l i t y .  
t r a t e  the app l i ca t i on  and l i m i t a t i o n s  o f  t h i s  technique. 

Results from some o f  those studies w i l l  be used t o  i l l u s -  

BACKGROUND 

Combined SEM-EDX techniques have been able t o  prov ide much in format ion w i t h  
manual operation. bu t  r e s u l t s  were q u a l i t a t i v e  and subject  t o  operator judgment. The 
development of automated con t ro l  f o r  the SEM has permi t ted the same in format ion t o  be 
ext racted ob jec t i ve l y ,  q u a n t i t a t i v e l y  and less ted ious ly .  The main l i m i t a t i o n  o f  the 
manual techniques i s  t he  human fac to r ,  s ince the analys is  o f  p a r t i c l e s  f o r  s i ze  and 
elemental composition i s  tedious. Human operators are severely l i m i t e d  i n  t h e  r a t e  
and amount o f  data t h a t  they can reasonably produce. There i s  a lso a p o s s i b i l i t y  o f  
operator b ias i n  not  t r e a t i n g  a l l  p a r t i c l e s  a l i ke .  The i n t e l l i g e n c e  o f  a human oper- 
a tor  i s  a fan tas t i c  advantage, bu t  the l i m i t a t i o n s  on the operator are also s i g n i f i -  
cant. 

The task of the automated image analyzer i s  t o  assume the r e p e t i t i v e  dut ies o f  
t h e  SEM operator i n  such a way t h a t  s t a t i s t i c a l l y  s i g n i f i c a n t  number o f  p a r t i c l e s  can 
be analyzed i n  a reasonable amount o f  t ime and t o  tabu la te  the data i n  a meaningful 
format. The f o l l o w i n g  paragraphs describe t h e  operations involved. 

The f i r s t  requirement o f  p a r t i c l e  cha rac te r i za t i on  i s  f ea tu re  i d e n t i f i c a t i o n  and 
s i z i n g .  A human operator  i s  able t o  work w i t h  gross s ignal  con t ras t  and r a t h e r  sub- 
t l e  edge e f f e c t s  t o  determine feature ou t l i ne .  As a ru le ,  the microcomputers and 
e lec t ron i cs  used in  image analys is  i n  the l a b  are p resen t l y  r e s t r i c t e d  t o  determining 
p a r t i c l e  boundaries, o r  extents, from the ra the r  gross measure o f  cont rast  i n  the 
s igna l  l eve l .  Therefore, s u f f i c i e n t  con t ras t  i s  requi red i n  the video s ignal  between 
two phases o f  i n t e r e s t  t o  permit d i f f e r e n t i a t i o n  o f  t he  phases. Backscattered elec- 
t r o n  imaging i s  very s e n s i t i v e  t o  the average atomic number o f  a phase and, there- 
fore,  provides high con t ras t  between minera ls  o f  r e l a t i v e l y  high atomic number and 
lower atomic number coal and mounting mater ia l .  A spec ia l ized analog- to-d ig i ta l  
converter, ca l l ed  a " threshold selector," i s  used t o  in form the computer which p i x e l s  
are above threshold and belong t o  a phase o f  i n te res t ,  and which p i x e l s  are below 
threshold and the re fo re  i n d i c a t e  background phase. The computer i s  thus able t o  
d iscern which p i c t u r e  elements belong t o  coal, mineral,  o r  background. 

many image analysis systems b u i l t  around o p t i c a l  microscopes and TV cameras, the 
whole image i s  d i g i t i z e d  f o r  processing. For SEM operations t h i s  i s  o f ten  no t  prac- 
t i c a l .  Often the s igna l  from an SEM e x h i b i t s  a r e l a t i v e l y  low s ignal - to-noise r a t i o  
r e q u i r i n g  t h a t  several frames be averaged t o  prov ide an adequate s ignal .  Also, some 
o lde r  SEM instruments do not  respond we l l  t o  the  scanning speed demands o f  TV imaging 
ra tes .  In addit ion, i t  i s  on l y  r e c e n t l y  t h a t  backscattered e lec t ron  detectors  have 
become ava i l ab le  t h a t  can operate at TV-rates. 
SEM-based image analyzers t o  employ some form o f  d i g i t a l  berm con t ro l  t o  d i r e c t  t h e  
beam on t h e  sample i n  such a fashion as t o  e x t r a c t  t h e  most in format ion i n  t h e  l eas t  
t ime. A number o f  sof tware algori thms are ava i l ab le  w i th  our A I A  system t o  d iscern 
p a r t i c l e  extents. 

p a r t i c l e  i s  determined. 

The mode o f  e x t r a c t i n g  in format ion on t he  p a r t i c l e  extents  i s  complicated. I n  

Therefore, i t  has been common f o r  

Once the p a r t i c l e  extents  have been determined, the chemical i d e n t i t y  o f  a 
The image analyzer d i r e c t s  the  SEM beam t o  the center  

1 1  
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of the p a r t i c l e  o f  i n t e r e s t  and d i r e c t s  the €OX analyzer t o  c o l l e c t  an x-ray spectrum. 
Whereas a human operator can q u i c k l y  scan the e n t i r e  x-ray spectrum t o  l oca te  and 
i d e n t i f y  the s i g n i f i c a n t  x-ray peaks, t he  image analyzer must monitor reg ions o f  i n -  
t e r e s t  defined about x-ray l i n e s  o f  i n te res t .  For many mineral analyses, o n l y  11 
common elements are necessary. They are, i n  increas ing atomic number: Na, Mg, A l ,  
S i ,  P, S i ,  C1, K, Ca, Ti, and Fe. Addi t ional  elements can be also monitored i f  they  
are suspected t o  occur i n  t race  quan t i t i es .  Based on the  r e l a t i v e  i n t e n s i t i e s  o f  t he  
x-ray signals, p a r t i c l e s  are c l a s s i f i e d  i n t o  one o f  several mineral categor ies accord- 
i n g  t o  de f i n i t i ons  such as those given i n  Table 1. For many A I A  appl icat ions,  i nc lud -  
i ng  coal mineral analyses, i t  i s  reasonable t o  de f i ne  the  chemical categor ies ra the r  
l o o s e l y  and s t i l l  t o  d iscern the various mineral components. I n  f a c t ,  f o r  many miner- 
als, i t  i s  necessary on ly  t o  def ine the elements t h a t  must be present t o  de f i ne  a 
minera l .  Quar tz  and c a l c i t e  are examples f o r  which on ly  a s ing le  element i s  needed (S i  
and Ca, respect ive ly) .  However, f o r  the c l a y  minerals, more sophis t icated d e f i n i t i o n s  
are necessary t o  d i f f e r e n t i a t e  the phases. 

Table 1. Ranges o f  Elemental Compositions, Ratios, and Other Features f o r  
f o r  mineral phase d e f i n i t i o n s . a  

Mineral 
Phase Chemical D e f i n i t i o n  i n  % Rangeb Densi ty  

~- - 

P y r i t e  S 10-80, Fe 10-70 5.00 
K a o l i n i t e  A1 15-80, S i  15-85 A l / S i  r a t i o  0.4-2.5 2.65 
I l l i t e  A1 15-80, S i  20-85, Fe 0-40, K 2.5-35, Na 0-20 2.75 
Montmor i l lon i te  A1 10-75, S i  19-80, Na 0-30, Ca 0-30 2.30 
Quar tz  S i  60-100 2.65 
C a l c i t e  Ca 70-100 2.80 
Minors ( included are the fo l l ow ing  categor ies)  

Gypsum S 10-80, Ca 10-70 2.30 
Dolomite Mg 5-60, Ca 60-100 2.90 
I ron - r i ch  (e.g. s i d e r i t e )  Fe 90-100 3.90 
C h l o r i t e  A1 10-75, S i  10-80, Mg 0-30, Fe 0-30 

(Mg o r  Fe requi red)  3.00 
R u t i l e  T i  70-100 4.50 
Al-Rich A1 75-100 4.00 
Apa t i t e  P 10-40, Ca 30-100 3.20 

S i  1 i cates S i  40-100 2.70 

speci f i c a l  1 y defined 
M i s c e l l  aneous A l l  other elemental compositions not  2.00 

Not included Signals w i t h  <lo00 t o t a l  x-ray count 

a Modif ied a f t e r  Reference 3. 
Addi t ional  spec i f i ca t i ons  are often given f o r  o ther  elements t h a t  are al lowed t o  
be present. Although such speci f icat ions a l low the  presence o f  minor elements not 
s p e c i f i c a l l y  l i s t e d  i n  the chemical d e f i n i t i o n ,  they place an upper l i m i t  on the 
al lowable amount. 

EXPERIMENTAL 

The AIA-SEM s y s t m  a t  Iowa State U n i v e r s i t y  cons is ts  o f  a JEOL (Japan E lec t ron  
Opt ics Laboratory) model JSM-U3 scanning e lec t ron  microscope, a LeMont S c i e n t i f i c  
B-10 image analyzer. and a Tracor Northern TN-2000 energy-dispersive x - r a y  spectrom- 
e t e r .  The software-based A I A  system contains associated e lec t ron i cs  f o r  SEM beam 
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control, image anplification, and thresholding. 
selection of the appropriate analysis algorithm for the particular sample and image 
conditions encountered. 

Actual analyses were performed on pe l le t s  o f  coal mounted in an epoxy or poly- 
ethylene matrix according to  standard petrographic procedures. The pe l le t s  w r e  pol- 
ished to a cross section and coated with carbon t o  render the surface e lec t r ica l ly  
conductive for SEN examination. Samples were analyzed in the SEM under 50-5OOx mag- 
nification, us ing  25 kV bean voltage, 1-2 nA sample currents, and backscattered elcc- 
tron imaging. A point density of 1024 pixels across the screen was used t o  provide 
510% accuracy on measurements as small as 1% of the f i e ld  of view. X-ray data were 
collected for four seconds per par t ic le  a t  a typical ra te  of  1000 counts per second. 
The intensit ies of 30 elements were sot to be monitored in regions of in te res t .  Ap- 
proximately 4000 par t ic les  were analyzed per sample, at  a rate of 200 par t ic les  per 
hour.  

For AIA, the software base allows 

The AIA procedures c lass i fy  mineral particles into both size and chemical 
classes.  
t ion.  This measurement i s  the diameter of a c i r c l e  w i t h  the same area as tha t  
measured for the mineral particle.  Area-equivalent diameter was used instead of a 
simple length or width measurement because the outline of mineral particles i n  coal s 
often complex enough t o  render such measurements meaningless. The equivalent diameter 
measurement allows par t ic les  t o  be classified by the area of the par t ic le  and yet 
reported in terms of a linear dimension. Using available l i t e ra ture  values for  the 
specific gravity of the individual minerals, the data were t h e n  expressed as the 
weight fraction of the mineral matter within a given mineral/size category. The 
weight fraction data could then be normalized according to the mineral matter content 
calculated from ash values by using a modified Parr formula (4) t o  present mineralogi- 
cal estimates on a dry coal basis. Such a presentation provides a comnon base for 
comparing the coals before and a f te r  processing. 

Area-equivalent diameter was used as the s ize  parameter for data presenta- 

DISCUSSION OF RESULTS AND PROBLEMS 

A major problem encountered in the analysis of coal samples arose from the wide 
s i ze  range of particles present. The weight distribution i s  heavily influenced by 
the particles in the largest  s ize  categories. However, most of the particles are 
found in the smallest categories. 
t i ve ly  coarse samples of where the par t ic le  diameter can range fran I t o  1000 ym. As 
an example, Table 2 presents actual data for such a case, using an I l l i no i s  No. 6 coal 
characterized more f u l l y  elsewhere (3) .  

which i s  independent of par t ic le  size, i t  becomes necessary t o  allocate analysis time 
among the size categories in order t o  include a significant number of par t ic les  of 
a l l  sizes. Therefore, analyses were conducted at  several magnifications for re- 
s t r ic ted  ranges of pa r t i c l e  sizes. A re la t ive ly  small area was analyzed at h i g h  mag- 
nification to  collect  data on small particles,  and a much larger area was then anal- 
yzed at lower magnification t o  collect  data on large particles.  Data were then com- 
bined by correcting the weight of particles analyzed in each s ize  range for the area 
of sample analyzeti for tha t  s ize  range. The table of weight fractions was t h e n  nor- 
malized t o  100%. For samples with particularly wide size ranges, three of m r e  size 
parti t ions were required to  obtain a representative s ize  distribution. As can be seen 
from Table 2, the actual number of particles counted parallels the weight distribution 
much closer t h a n  does the  unadjusted count fraction. 

This problem i s  especially troublesome for rela- 

Since analysis time per par t ic le  i s  dominated by the time of x-ray acquisition 

J l  
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Table 2. Weight and Count D i s t r i b u t i o n  f o r  an I l l i n o i s  No. 6 Coal 
(Nominally 70-80% less  than 200 mesh or 75 pm) 

Area Equivalent Diameter ( i n  pm) 

0-4 4-7 7-12 12-20 20-36 >36 

Count f r a c t i o n  16.3 51.1 23.3 7.1 1.7 0.6 
Weight f r a c t i o n  2.5 15.3 20.4 21.0 14.4 26.3 
% o f  p a r t i c l e s  counted 13.6 42.6 25.3 7.8 7.9 2.8 
Number o f  p a r t i c l e s  counted 654 2055 1221 374 382 136 

d i s t r i b u t i o n ,  f o r  which the standard d e v i a t i o n  o f  the  counts measured f o r  a category 
i s  equal t o  the  square roo t  o f  the count. Thus a count o f  100 p a r t i c l e s  would y i e l d  
t o  a r e l a t i v e  standard dev ia t ion  o f  10%. 
r e s u l t s  can be ca lcu la ted  from the number of  p a r t i c l e s  c o l l e c t e d  i n  each category. 
For a system o f  four  predominant minerals w i t h  approximately equal p a r t i c l e  
abundances, and s i x  s i z e  categories, approximately 4 x 6 x 100 = 2400 p a r t i c l e s  would 
be needed f o r  a r e l a t i v e  standard dev ia t ion  o f  10% i n  the  data. 

The s t a t i s t i c a l  d i s t r i b u t i o n  invo lved i n  A I A  analysis i s  a mu l t inomia l  

Re la t i ve  e r r o r  i n  the  weight d i s t r i b u t i o n  

This assumption has been borne ou t  i n  analyses o f  m u l t i p l e  p e l l e t s  o f  t h e  same 
coa l .  F ive  p e l l e t s  each of  th ree  coals were analyzed by AIA.  A t o t a l  o f  1500 
p a r t i c l e s  was character ized f o r  each p e l l e t .  Standard dev ia t ions  were ca lcu la ted  
from the f i v e  estimates o f  weight f r a c t i o n  i n  each size/chemical category and 
compared w i t h  the r e l a t i v e  e r r o r  expected from the p a r t i c l e  count. Agreement was 
exce l len t  f o r  categor ies conta in ing  more than -30 p a r t i c l e s .  

A problem o f  a r t i f i c a l  enrichment o f  one phase r e l a t i v e  t o  the others a r i s e s  
when one phase appears much b r i g h t e r  i n  the image being analyzed than do the 
remaining phases. I n  our work w i t h  coal minerals (3,5) and i n  the work o f  others (6)  
such a problem was experienced w i t h  the  mineral  p y r i t e .  T y p i c a l l y  the p y r i t e  content 
found by SEM-AIA i s  s u b s t a n t i a l l y  h igher than what i s  estimated by the ASTM wet 
chemical technique (see Table 3). 
employs what i s  known as "g loba l  th resho ld ing" .  I n  it, a th resho ld  l e v e l  i s  
establ ished against which image s igna l  l e v e l s  are compared t o  determine whether a 
p i x e l  i s  par t  of  a p a r t i c l e  o r  p a r t  o f  the background. 
t h a t  the threshold be set midway between background and f u l l  s ignal  b r igh tness  t o  
a l l o c a t e  equa l ly  any noise on the p a r t i c l e  edges between p a r t i c l e  and background. 
For coal minerals t h i s  i s  s t r i c t l y  no t  possible.  The i n t e n s i t y  o f  backscattered 
e l e c t r o n  image used f o r  analysis i s  h i g h l y  dependent on the average atomic number o f  
t h e  mater ia l  i n  view. P y r i t e  i s  so much heavier than the other mineral  phases t h a t  
the  threshold, set at  a l e v e l  a t  which the c lays  can be c o n s i s t e n t l y  detected, 
crosses p y r i t e  p a r t i c l e s  at the  20-30% l e v e l  and increases the p o s s i b i l i t y  t h a t  
i n d i v i d u a l  p y r i t e  p a r t i c l e s  w i l l  be measured la rger  than they are. To compensate f o r  
t h i s  bias, the  U.S. Steel  workers (6) recommended an empir ical  f a c t o r  o f  0.75 f o r  
sca l ing  down the p y r i t e  values. 

Another possible explanat ion i s  t h a t  the b r i g h t e r  s igna l  f o r  p y r i t e  causes small 
p a r t i c l e s  o f  the mineral t o  have a b e t t e r  chance o f  r i s i n g  above th resho ld  as opposed 
t o  the s ignal  being diminished t o  a l e v e l  below the threshold by the f a c t  t h a t  a 
l a r g e  percentage o f  the  e lec t rons  pass completely though the p a r t i c l e  before 
backscattering, causing the signal  br ightness t o  be lower than the  signal  from a 
massive p a r t i c l e .  

The problem ar ises  i n  our A I A  system s ince  i t  

The recommended procedure i s  

However, t h i s  explanat ion does n o t  account f o r  much o f  the  er ro r  

I 
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observed since on ly  a r e l a t i v e l y  small mount  of t h e  p y r i t e  i s  found i n  the  smallest 
s i z e  ranges. 

Table 3. Comparisons o f  ASTM and SEM-AIA Estimates o f  P y r i t e  and P y r i t i c  Su l fu r  
Su l fu r  Content f o r  Raw and Supercleaned Coals ( reca lcu la ted  from data o f  
Reference 3) 

I l l i n o i s  No. 6 I . P i t tsburgh No. 8 

Raw Cleaned Raw Cleaned 

2.37 0.22 1.35 0.03 
4.22 0.63 1 2.50 0.52 

Pyr i te /Minera l  Mat te ra  R a t i o  
ASTM 22.93 13.48 
A I A  40.86 38.53 

30.55 1.66 
56.54 28.59 

Fe by XRF (%) 
Tota l  S (ASTM) 
Organic S (ASTM) 
Mineral Mattera 

1.64 0.44 
1.82 
1.67 

19.32 3.05 8.26 3.37 

2.01 
5.10 
2.36 

a Mineral matter = 1.13 (ash) + 0.47 ( p y r i t i c  s u l f u r ) ,  as i n  reference 4. 

For chemical ly processed coals, problems a r i s e  w i t h  the chemistry d e f i n i t i o n s .  
New mineral phases may be formed dur ing  processing t h a t  bear l i t t l e  resemblance t o  
t h e  o r i g i n a l  minerals.  It may become necessary t o  analyze the mater ia l  w i t h  a l t e r -  
nate techniques, such as x-ray d i f f r a c t i o n ,  i n  order t o  determine what phases are 
present. Then the necessary chemical d e f i n i t i o n  can be b u i l t  i n t o  the f i l e  knowing 
t h e  chemistry o f  the  new phases. A l t e r n a t i v e l y ,  an automatic c l a s s i f i c a t i o n  opt ion 
can be employed t o  s o r t  p a r t i c l e s  r o u t i n e l y  based on the  r e l a t i v e  amounts o f  the 
elements present. 

c a l l y  t rea ted  coal by an SEM-EOX technique (7 )  and add i t iona l  analysis o f  mineral 
matter i n  those samples by FTIR spectroscopy (8) i n d i c a t e  t h a t  the A I A  values f o r  
p y r i t e  may be c o r r e c t  f o r  a t  l e a s t  some samples. The analyses were performed on 
samples of I l l i n o i s  No. 6 coal, raw and chemical ly cleaned by the Gravimelt Process 
a t  TRW Inc., i n  C a l i f o r n i a  (8 ) .  The samples were analyzed by ASTM techniques f o r  
moisture, ash, and s u l f u r  forms; by SEM-AIA f o r  mineral  phases; by SEM-EDX f o r  or- 
ganic sul fur ;  and by FTIR f o r  mineral  phases. The r e s u l t s  are presented i n  Tables 4 
and 5. 

For the raw coal,  the  p y r i t i c  s u l f u r  values obtained by A I A  agreed we l l  w i t h  
those obtained at  TRW. 
ta ined a t  Ames. For t h e  cleaned coal, the p y r i t e  values obtained by A I A  and the 
organic sul fur  values obtained by SEM agreed very we l l  with the  Ames ASTM resu l ts .  

a l l  components except k a o l i n i t e .  Since the coal had t o  be low-temperature ashed f o r  
the  FTR analyses, and the  cleaned coal d i d  no t  have much ash l e f t ,  the  FTIR r e s u l t s  
on the cleaned coal are no t  as in fo rmat ive  as the AIA r e s u l t s .  
cou ld  not i d e n t i f y  much o f  the mineral  matter i n  t h e  cleaned coal, adding.most of  i t  

Some of  our work with the  d i r e c t  determinat ion o f  organic s u l f u r  i n  raw and chemi- 

However, they  were somewhat higher than t h e  ASTM values ob- 

The comparison o f  FTIR data w i t h  A I A  r e s u l t s  i n  Table 5 shows good agreement f o r  

The FTIR techniques 
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t o  the miscellaneous category. Since A I A  does not requ i re  mineral standards and i s  
not p a r t i c u l a r l y  dependent on cry;tal structure,  more p a r t i c l e s  could be categor ized 
by the chemical d e f i n i t i o n  f i l e .  

Table 4. Analysis o f  I l l i n o i s  No. 6 Treated by the Gravimelt Process at  TRW 
(Values reported as wt. % on a d ry  basis, except f o r  moisture) 

RAW COAL TREATED COAL 

TRW ASTM A t  S E M I A I A  TRW ASTM A t  SEMfAIA 
Resul ts Ames Lab Resul ts Results Ames Lab Results 

---- ---- 6.33 ----- Moisture 15.81 1.84 
Ash 9.97 9.23 ---- 0.51 0.53 _---- 

---- ---- 0.61 ----- Mineral  Mattera ----- 10.92 
Total  S 4.21 4.03 ---- 0.57 0.59 ----- 
P y r i t i c  S 1.36 1.04 1.46 ---- 0.02 0.026 ---- ---- 0.02 ----- Su l fa te  S 0.05 0.09 
Organic S 2.80 2.90 2.13 ---- 0.35 0.32 

a Mineral Matter = 1.13 (ash) + 0.47 ( p y r i t i c  s u l f u r ) ,  as i n  reference 4. 

Table 5 .  FTIR and A I A  Resul ts o f  Raw and Chemically Treated I l l i n o i s  No. 6 Coal 
(values expressed as wt. % o f  t o t a l  mineral  matter present)  

RAW TREATED 

FTIR A I A  FTIR A I A  

K a o l i n i t e  12.0 7.4 4.0 8.4 
I l l i t e  31.5 29.8 ---- 10.2 
Quartz 19.0 20.0 10.0 13.9 

3.7 C a l c i t e  1.5 1.3 ---- 
P y r i t e  ---- 23.3 ---- 8.4 
M i  scel  1 aneous 36.0 18.1 86.0 46.0 

In  addition, the A I A  technique provided informat ion on p a r t i c l e  s i z e  d i s t r i b u -  
t i o n  as we l l  as mineral phase i d e n t i f i c a t i o n  (see Table 6 ) .  Such informat ion,  o f  
course, cannot be provided by the  FTIR technique. 

CONCLUSIONS 

The SEM-AIA technique has been shown t o  be a useful  t o o l  i n  c h a r a c t e r i z i n g  the  
mineral  matter o f  coal by chemical composition as we l l  as p a r t i c l e  s ize  d i s t r i b u t i o n .  
The fundamental aspects o f  t h i s  a n a l y t i c a l  technique have been described, inc lud ing  
the  method o f  de f in ing  mineral  phases by chemical composition, requirements f o r  the 
number and size o f  p a r t i c l e s  t o  be samples f o r  r e l i a b l e  and reproducible resu l ts ,  
comparison o f  t h i s  technique w i t h  other methods o f  charac ter iz ing  coal mineral  mat- 
te r ,  and some problems associated w i t h  the a p p l i c a t i o n  o f  t h i s  technique t o  measure- 
ments o f  p y r i t e  and analysis o f  chemical ly t r e a t e d  coals. 
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TABLE 6. A I A  C l a s s i f i c a t i o n  o f  M i n e r a l  M a t t e r  i n  I l l i n o i s  No. 6 Coal 
b y  Chemis t ry  and Area-Equ iva len t  Diameter  o f  P a r t i c l e s  ( i n  pm), 

Expressed as Weight Percent  of t h e  T o t a l  M i n e r a l  M a t t e r  Only. 

Raw Coal 
P a r t i c l e  s i z e  (m) 

M i n e r a l  Phase < 6.3 6.3-19 20-62 63-199 200-632 >632 T o t a l a  
~~~ ~ 

P y r i t e  2.16 7.97 
Kao 1 i n i t e  1.34 3.81 
I l l i t e  4.27 7.29 
Q u a r t z  4.47 9.15 
I r o n - r i c h  0.04 0.22 
C a l c i t e  0.05 0.06 
S i1  i c a t e s  1.57 2.19 
Misce l laneous 1.64 4.13 

7.02 
1.52 
4.90 
3.95 
0.49 
0.08 
1.38 
0.70 

6.14 0.00 0.00 23.29 
0.70 0.00 0.00 7.37 
5.08 8.28 0.00 29.82 
1.98 0.51 0.00 20.06 
1.16 0.00 0.00 1.91 
0.21 0.92 0.00 1.32 
1.47 0.98 0.00 7.59 
0.40 1.73 0.00 8.60 

T o t  a1 a 15.54 34.83 20.04 17.15 12.42 0.00 100.00 

Clean Coal 
P a r t i c l e  s i z e  (pm) 

M i n e r a l  Phase < 6.3 6.3-19 20-62 63-199 200-632 >632 T o t a l a  

P y r i t e  2.74 
K a o l i n i t e  4.20 
I l l i t e  5.78 
Q u a r t z  6.82 
I r o n - r i c h  1.93 
C a l c i t e  1.63 
S i  1 i c a t e s  1.71 
Misce l laneous 14.34 

T o t  a1 a 39.15 

4.54 
3.35 
4.41 
6.42 
2.66 
2.06 
2.50 

21.60 

47.53 

1.09 
0.89 
0.00 
0.67 
0.00 
0.00 
0.64 

10.03 

13.32 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 ' 

0.00 

0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 

8.37 
8.43 

10.19 
13.91 

4.59 
3.69 
4.85 

45.97 

100.00 

a T o t a l s  may be s l i g h t l y  o f f  due t o  round ing .  
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INTRODUCTION 

To f u l l y  understand heterogeneous reac t ions  involving porous substances such as  
coal ,  one must have a good p ic ture  of the  pore s t ruc ture .  This p ic ture  mot r e f l e c t  
c h a r a c t e r i s t i c  dinenoions of the pores, t h e i r  connectedness. and the surface area 
ava i lab le  f o r  reac t ion  on the pore walls. While the chemical s t r u c t u r e  of the coal 
determines the k i n e t i c s  of f luid-coal  reac t ions  at  the sur face ,  the  porous s t ruc ture  
d i c t a t e s  how much sur face  is ava i lab le  f o r  react ion,  and what ro le  mass t ransfer  
w i l l  play i n  the o v e r a l l  r a t e  of reac t ion .  

Conventional techniques f o r  inves t iga t ing  pore s t r u c t u r e ,  e.8. gao adsorption 
and Hg porosimetry, have played important r o l e s  i n  providing our preoent understand- 
ing of t h i s  s t ruc ture .  However, da ta  from these methods of ten lead t o  incomplete 
and contradictory conclusions. Adsorption works w e l l  when measuring surface areas  
of nonporous or macroporous substances with chemically homogeneous surfaces .  HOP 
ever, porosi ty  of s i z e  sca le  less than 30A is d i f f i c u l t  t o  charac te r ize  with adsorp- 
t ion.  Chemically inhomogeneouo surfaces  a re  a l s o  d i f f i c u l t  t o  study. The adsorp- 
t i o n  probe molecule may adsorb p r e f e r e n t i a l l y  on a p e c i f i c  s i t e s  and these s i t e s  may 
o r  may not be a c t i v e  s i t e s  in a f luid-sol id  heterogeneous react ion of i n t e r e s t .  
Mercury poroaimetry a l s o  works best with macroporosity. Depending on the  compressi- 
b i l i t y  of t h e  sample matrix, the  lover l i m i t  of pore dinmeter one probes may vary 
from 200A to 4 0 A  f o r  c o a l s  (1). 

Smal l  angle x-ray s c a t t e r i n g  ( S A X S )  is an a t t r a c t i v e  a l t e r n a t i v e  characteriza- 
t i o n  technique because, above a l l ,  it is nonintrusive. Since x-rays readi ly  pene- 
t r a t e  the e n t i r e  sample,  a l l  pores a r e  access ib le  to  inves t iga t ion  including iso- 
l a t e d  pores, €.e. those not connected t o  a pore leading t o  the p a r t i c l e  surface. 
Furthermore, SAXS can s tudy micropores as small  a s  10A i n  diameter as  w a l l  a s  macro- 
pores of up t o  500A in  diameter. These l i m i t s  may be extended using x-ray cameras 
designed f o r  studying high angles or very l o w  angles. 
i s t i c  of SAXS i o  its p o t e n t i a l  for  in -s i tu  s tud ies  where the sample s t ruc ture  may be 
cont inua l ly  probed a6 it  is subjected to  react ion conditions. 

The most exc i t ing  character- 

EXPERIKENTAL HETRODS 

The objec t ives  of t h e  present SAXS s t u d i e s  a r e  1) t o  measure the s p e c i f i c  sur- 
face  area of the  eample and 2) t o  i n f e r  a pore s i z e  d i s t r i b u t i o n .  In pursuing these 
objec t ives  three types of aamples a r e  used; a model microporous carbon, three coals, 
and a porous y-alumina. 
s ieve  d i s t r i b u t e d  by Supelco. Inc. 
m2/g f o r  t h i s  product, but does not spec i fy  the  measurement technique; 
N2 BET ana lys i s  y ie lds  a value of 1100 m2/g. 
P O r O E i t Y  has been imaged with transmission e lec t ron  microscopy by Fryer (2). 

Basic data  on the  t h r e e  coal  samples is summarized i n  Table I. 
coa l ,  with its low mineral matter content  and high carbon content provides the bost 
approximation t o  a t rue  two phase system of carbon and void. Anthraci te ,  more than 
lower rank coal ,  a l s o  has microporooitg s imi la r  t o  tha t  i n  Carbosieve. 
s c a t t e r i n g  experiments with coa l  yore therefore  performed with an thrac i te .  The 
other  two coals  were used in  a study of pore change with pyrolysis  due t o  t h e i r  
higher  v o l a t i l e  matter content. 

a themogravimetr ic  apparatus (TGA). 

The model carbon is Carbocieve-S, a pure carbon molecular 
The manufacturer quotes a surface a rea  of 860 

Conventional 
The carbon's highly homogeneous aicro-  

The an thrac i te  

The f i r s t  

The Carbosieve and coal  samples were gas i f ied  in pure C02 a t  825'C and 1 atm i n  
The proper precautions were taken t o  ensure 
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Table I. PSOC Coal Samples 

m PSOC I - Name - % C  % Mineral 
Anthracite 870 Primrose 93.05 2.90 
Low Volatile Bituminous 127 Lower Kittanning 84.45 5 .16  
High Volatile Bituminous 980 Gentry 80.40 3.97 

that this reaction proceeded kthout mass transfer limitations. 
were slowly pyrolyzed in N;! in the TGA at a heating rate of 8"C/sec before beginning 
gasification. 
paring samples at higher heating rates (up to 260°C/sec) for the study of varying 
pyrolysis conditions. 

Grace, Davison Chemical Division. Pore distributions from both N2 adsorption and Hg 
porosimetry are provided by the manufacturer. The maximum of the adsorption pore 
volume distribution lies at a pore radius of 32A,  and the pore volume median radius 
is 41A. The N2 BET surface area is 3 3 9  m2/g. Tradttional analysis of the porosim- 
etry data yields a radius of 35A for the maximum of the pore volume distribution. 

The coal samples 

A pyrolysis reactor containing a heated wire mesh was used for pre- 

The third type of sample studied here Is a porous alumina powder provided by W.R. 

SMALL ANGLE X-RAY SCATTERING 
X-ray diffraction or "scattering" results from boundaries between phases of suf- 

ficiently different electron densities. The large electron density difference be- 
tween carbon and void generates strong scattering. Figure l shows schematically how 
the x-rays are collimated, diffracted. and detected in the University of Minnesota's 
modified Kratky camera ( 3 ) .  This configuration allows simultaneous collection of 
scattering data for values of the scattering vector, h from 0.015 to 0 . 4 3 ,  where 

h = 4nsin0/X 20 = scattering angle 

The data, once corrected for sample transmission coefficient and parasitic scat- 
tering. is most profitably plotted as log intensity against log(h), as in Figure 4 .  
Scattering from small inhomogeneities appear at large values of h. 

All the data presented here were collected with the sample at room temperature. 
However, a high temperature sample cell. shown in Figure 2 ,  has been designed and 
constructed for in-situ studies of coal gasification. A carbon sample may be gasi- 
fied in the reaction chamber while x-rays directed through the boron nitride windows 
probe the change in pore structure. 

Two quantities characteristic of the sample may be obtained from SAXS data with- 
out assuming a model of the pore geometry. The first is an estimate of the surface 
per unit volume and the second is the radiue of gyration, . The specific surface 
may be estimated from the behavior of the scattering curve or values of h such that 

hdm > 5.0  

where d, is the minimum dimension of the Inhomogeneity. 
the scattering intensity in this region and the sample's specific surface is known 
as Porod's law ( 4 ) .  Invoking this relationship assumes that the boundaries between 
phases in the sample are sharp. In practice this calculation is difficult because 
accurate data are required for a sizeable range of h where condition 1) is met and 
the scattering intensity must be accurately measured to small angles also. 

the experimental curve with the Guinier approximation at the lowest angles ( 5 ) .  
However, a meaningful Q is found only for systems with nearly monodisperse inhomo- 
geneities. Also, in order to relate to a precise dimension (e.g. radius) of the 

to regard Rg as a persistence length characteristic of the structure. 

The relationship between 

The radius of gyration, %, is more widely used and may be calculated by fitting 

inhomogeneities one must assume a mode ? for their geometry. In general, it is best 
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A great  deal  of information lies i n  t h e  middle region of the s c a t t e r i n g  cmve, 
bu t  it is negelcted by a Porod o r  Guinier ana lys i s  alone. 
s tudy is polydisperse. t h e  Guinier approximation should not be used. 
about s izes  of the inhomogeneities may be derived from f i t t i n g  the  e n t i r e  curve with 
a reasonable model of the s t ruc ture .  W e  have considered two models fo r  analysis  of 
SAXS curves from coa l  and chars ,  t he  Voronoi model (6) and the  Ful ly  Penetrable 
Polydisperse Spheres (FPPS) model. We bel ieve  t h i s  is the  f i r s t  appl ica t ion  of FPPS 
t o  the modelling of small angle  sca t t e r ing .  Thus t h i s  work represents  an extension 
of t he  work of Chiew and Glandt (7)  and Torquato and S t e l l  ( 8 ) .  

The most convenient model f o r  der iving a pore s i z e  d i s t r i b u t i o n  is one which 
assumes the pores a r e  d i s c r e t e  spheres ( 9 ) .  Such a model is obviously not consis- 
t e n t  with the interconnected na ture  of coal  porosi ty .  The geometric r e g u l a r i t y  of 
these models and c y l i n d r i c a l  pore models used by engineers studying gas i f ica t ion  is 
incons is ten t  with the i r r e g u l a r i t y  of actual char s t ruc tu re .  Both the Voronoi and 
FPPS models correspond t o  interconnected,  random porous s t r u c t u r e s  with i r r egu la r  
pore s i z e s  and shapes. 

measurement of &,, the  void f r a c t i o n  of the sample and the choice of c, the Poisson 
point  densi ty  (6). 
which r e f l e c t s  a mean s i z e  of cells in  t he  s t ruc tu re .  To f i t  our curve one va r i e s  
R . Though the  Voronoi model contains  a d i s t r i b u t i o n  of cel l  s i zes ,  a choice of two 
c f a r a c t e r i s t i c  Rg's. one f o r  macropores, one f o r  micropores, becomes necessary fo r  a 
bimodal porous sample (10). 

The pores in c o a l  char  are so polydisperse t h a t  s eve ra l  Voronoi cel l  s i z e s  would 
have t o  be used to represent  the experimental s c a t t e r i n g  curves. However, the 
Voronoi model no longer  seems appl icable  i n  t h i s  case, so the  FPPS is used. A two- 
dimensional representa t ion  of one possible  combination of pore a i ces  and shapes con- 
s t ruc t ed  by the  PPPS model is shown in Figure 3. For a s i n g l e  mode in t he  pore s i z e  
d i s t r i b u t i o n  t h e  t h e o r e t i c a l  s c a t t e r i n g  from the FPPS model is completely specif ied 
by three q u a n t i t i e s ,  t he  void f r a c t i o n  -$", and two parameters def ining the dis t r ibu-  
t i o n  of sphere s i zes .  I n  t h i s  work we consider  the Schulz d i s t r i b u t i o n  

When the system under 
Information 

The t h o r e t i c a l  s c a t t e r i n g  from the Voronoi model is completely determined by the 

Empir ical ly ,  c may be r e l a t e d  t o  an  apparent Rg of the model 

1 b b =b-l -br f ( r )  a- r ( b )  ($) e x p ( y )  
0 

where ro is a mean.sphere radius ,  and b is a parameter t h a t  measures the sharpness 
of the d i s t r ibu t ion .  Chiew and Glandt (7) d i scuss  the use of t h i s  d i s t r i b u t i o n  with 
FPPS to model the sur face  a rea  of a porous medium. 

a r e  required t o  f i t  experimental da ta  with a unimodal FPPS model. while only one 
parameter is required with the  unimodal Voronoi model. Thus, g rea t e r  f l e x i b i l i t y  in 
f i t t i n g  the curves is obtained at the  p r i c e  of one new parameter. The parameters ro 
and b a r e  determined by performing a l e a s t  squares f i t  of the model t o  the data .  
Given the values  of ro and b which minimize the e r r o r  in approximating the curve, 
t he  t o t a l  sur face  a rea ,  complete pore s i z e  d i s t r i b u t i o n .  and sur face  area dis t r ibu-  
tion are obtained a n a l y t i c a l l y  (7). 

Considering oV as a measurable quant i ty  we see t h a t  two parameters, ro and b, 

RESULTS 

Sca t te r ing  curves f o r  t h ree  samples of Carbosieve-S a r e  shown in Figure 4 along 
with parametric f i t s  of the Voronoi model to  t he  data. The curve f o r  untreated 
Carbosieve and the curve f o r  t he  sample g a s i f i e d  t o  16.6% conversion exh ib i t  s imi l a r  
behavior. Both have d i s t i n c t  regions r e f l e c t i n g  s c a t t e r i n g  from micropores and 
macropores. 
should f a l l  o f f  sharply f o r  values of hd > 5.0. The sharp decrease in i n t e n s i t y  fo r  
0.015 < h < 0.025 is therefore  due t o  macropores and the  drop-off fo r  h > 0.2 is due 
t o  micropores. Consequently, two Voronoi c e l l  s i z e s  a r e  required t o  represent  curves 
1 and 2. 

The s c a t t e r i n g  i n t e n s i t y  a t t r i b u t a b l e  t o  a particular s i z e  of pore. d 

A t  a conversion of 80% the s c a t t e r i n g  due to  macropores has become much 
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Table 11. Voronoi Model Surface Areas: 

Conversion POKOSi t y “g ,micro ( 8 , )  

0.00 0.375 4.5 
0.166 0.479 4.0 
0.30 0.563 4 .O 
0.41 0.631 4.5 
0.68 0.80 5 .O 
0.80 0.875 5.5 

Change with Conversion 

“g,macro ( 8 , )  S(m2/g) 

250 1730 
250 2080 
250 1820 
250 1720 - 1070 
- 660 

less important relative to that from the growing micropores, so only a micropore 
cell size is needed. The parameters used in fitting the curves and surface areas 
calculated from the Voronoi model are given in Table 11. 
maximum at about 16% conversion. 

earlier values were determined by Porod’s law at insufficiently large angles. The 
present technique is more accurate and the values compare favorably with the large 
microporosity and surface areas reported by Jinosi and Stoeckli (15). 

tvo coals, Gentry and Lower Kittaning. Final results of that work will be presented 
at the meeting. Preliminary results for both coals suggest a small decrease in 
macroporosity following pyrolysis independent of heating rate over the range studied 
(0.8-260°C/sec). However, samples of both coals pyrolyzed slowly at 0.8’C/sec and 
S°C/sec all showed similar increases in microporosity. No change was seen in the 
microporosity of the fast pyrolysis samples. 

Scattering data collected for the anthracite coal. PSOC 870, are shown in Figure 
5. The raw coal shows a more gradual decrease in intensity at low values of h than 
does the Carbosieve. This reflects the presence of significantly more mesoporosity. 
Microporosity is present here, as indicated by the scattering persisting to high 
values of h, but there is no drop-off in intensity for the micropore region. A 
small amount of conversion seems to create a large change in the curve. However, 
some of this change occurs with pyrolysis. The further increase in intensity at 
middle values of h for the 50% conversion sample demonstrates a continued growth in 
mean pore size. 

The FPPS model was used to fit the experimental scattering curve of our charac- 
terized porous alumina sample. Figure 6 presents the comparison of experimental and 
theoretical scattering curves. The PPPS approximation yields values of 158, for ro, 
and 2 for b, which corresponds to a broad distribution. These results indicate a 
surface area of 350 (m2/cm3 particle volume) or 440 n2/g compared to 339 m2/g from 
N2 BET analysis. 
values of b should improve the approximation. 

The surface areas attain a 

The surface areas are greater than those previously reported (14). However, the 

The effect of pyrolysis heating rates on char structure have been studied for 

Further refinement of the PPPS model allowing for noninteger 

DISCUSSION AND CONCLUSIONS 

Changes in the porous structure with conversion are clearly evident in scatter- 
ing data from both the model carbon and anthracite coal. 
in Carbosieve and of both micro- and mesopores in the coal is seen in the increasing 
intensity at intermediate values of h. Also, the intensity drop-off at high values 
of h moves in toward the mesopore scattering. 

Scattering from microporosity lies at the highest values of h available with 
most SAXS cameras. but the microporosity contains the vast majority of surface area 
and must be followed. Equipment for obtaining data at still higher values of h 
would be very helpful. Another challenge in collecting data in the micropore region 
is the appearance of a broad, weak intensity maximum at h = 0.25 for some coal and 
vitrain samples (11,lZ). This feature may be caused by interactions between scat- 

Growth of the micropores 

I 
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t e r i n g  u n i t s  made up of l aye r s  of aromatic r ing  s t r u c t u r e  (11,13). 
sented here  do not account f o r  t h i s  phenomena and i t  has not been observed i n  ‘our 
samples. 

The Voronoi and FPPS models a re  be t t e r  f o r  analyzing SAXS than t r a d i t i o n a l  dis-  
crete models s ince they correspond t o  interconnected, random porous s t ruc tu res  with 
i r r e g u l a r  pore s i z e s  and shapes. The Voronoi model can be used with the model car- 
bon which appears t o  have a bimodal d i s t r i b u t i o n  with pore s i z e s  c lose ly  grouped 
about the modes. However, t he  FPPS model, which allows fo r  broad d i s t r ibu t ions ,  is  
more widely appl icable .  The FPPS model c lose ly  approximates the sca t te r ing  from a 
character ized sample with polydisperse porosity. 
ference between the pore s i z e  d i s t r i b u t i o n s  derived from SAXS and those derived from 
N2 adsorption and Hg porosimetry. This  could be explained i n  terms of t h e  i n a b i l i t y  
of t he  two.conventiona1 techniques t o  appropriately charac te r ize  microporosity. 
However, more comparative s t u d i e s  of the techniques a r e  needed. 

The models pre- 

1 

However, there  is a marked dif- 
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FIGURE 3. Two dimensional representat ion o f  FPPS model porous s t r u c t u r e .  
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FIGURE 4. Comparison o f  Voronoi model approximation ( - - - - )  w i t h  experimental 

SAXS curves (-) f o r  Carbosieve g a s i f i e d  i n  C02 a t  825'C. 
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FIGURE 5 .  SAXS curves f o r  Primrose a n t h r a c i t e  (PSOC 870) 
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INTRODUCTION 

The modern structural view of the organic phase of bituminous and other coals is one of a crosslinked 
network structure (Larsen and Kovac, 1978; Lucht and Peppas, 1981 a, b; Lucht and Peppas, 1984a; 
Peppas and Lucht, 1984). In a recent publication (Peppas and Lucht, 1984) we have presented experi- 
mental evidence of t h e  crosslinked structure using equilibrium swelling studies and we have olfered a 
model that  can be used to  analyze it.  Dynamic swelling studies using penetrants (Peppas e l  al., 1983; 
Lucht and Peppas, 1984b; Peppas e l  al., 1984; Barr-Howell and Peppas, 1985) have contributed to  our 
understanding of this macromolecular structure. 

If coal is a macromolecular network it should be possible to  analyze it using theories and experiments 
widely applicable t o  polymers, basically theories of viscoelastic and rheological behavior. Since coal is a 
more complex and inhomogeneous structure, rheological and other analyses can give only an approximate 
picture of the coal structure, one that  will not satisfy the purists, but still one that  can o6er important 
new insight. 

Of particular importance is any information that  can be obtained of the coal structure a t  tempera- 
tures approaching the liquefaction temperatures (300-350' C). It is known (Peppas, 1983) that  coal exhi- 
bits a glass transition temperature in this range depending on its carbon content and other characteris- 
tics. The process of liquefaction is one tha t  involves diffusive, reactive and thermal degradative 
phenomena; exact molecular information becomes quite difficult t o  obtain at  high temperature. However, 
by using thermal analysis techniques or a combination of thermal analysis and diffusive techniques it is 
possible to  investigate the relative importance of diffusion and degradation in the overall process. In 
addition, the associated viscoelastic changes of the coal network, which are expected t o  occur even 
significantly below T, can be quantified by use of simple or sophisticated mechanical experiments (Howell 
and Peppas, 1984). 

It is known that  coal a t  high temperatures, close t o  the liquefaction temperature of 300-350'C. 
softens and behaves as a highly viscoelastic material. Its viscosity becomes dependent on the conditions 
of application of stress or  strain. For example, Nazem (1980) studied the non-Newtonian behavior of car- 
bonaceous mesophase pitch a t  high temperatures using a Hanke viscometer and established the non- 
Newtonian behavior in terms of the viscosity as a function of the shear rate. Briggs investigated the 
viscosity of coal t a r  pitch as a function of temperature. Covey and Stanmore (1980) attempted t o  
present a constitutive equation for the rheological behavior of Victorian brown coals of Australia. 

An alternative approach of investigation of the viscoelastic behavior of coals is through thermal 
analysis a t  high temperatures. The early work of Bangham and Franklin (1946) established characteris- 
tics of the change and expansion of the coal structure at high temperatures. Sanada and Honda (1963) 
used creep deformation of various Japanese coals t o  establish their. mechanical behavior a t  high tempera- 
tures. Gryaznov el a!. (1977) and Lazarov (1983) examined the thermoplastic behavior of coals and dis- 
cussed the results of several thermal analysis techniques. Tbey examined the plasticizing phenomena of 
coals a t  high temperatures, their anisotropic liquid crystalline formations and their rheological behavior. 

Thermogravimetric studies lor the purpose of elucidating the thermoplastic behavior has been 
presented by Rovenskii and Melnik (1975), Ciuryla el ai. (1979) and Elder and Harris (1984). Probably 
the most interesting recent studies on this subject are those of the group of Jenkins (Jenkins and Khan. 
1982; Khan and Jenkins, 1984 a,b) who used a microdilatometer to  investigate changes in the stress- 
strain behavior of certain coals, 

EXPERIMENTAL PART 

Coal samples, packed under nitrogen, were supplied by the Pennsylvania State University Coal Bank. 
They were sieved t o  the desired mesh size and stored under nitrogen until use. 
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For the pyridine sorption studies at high temperatures, a thermogravimetric analyzer (Perkin Elmer, 
model TGA-2, Norwalk, Conn.) and an associated sorption system were used. Approximately 5 mg of 
the coal sample was placed in a platinum pan which was suspended from a lever arm balance. The sys- 
tem was then emerged in a microfurnace and purged with nitrogen. After one hour pyridine was allowed 
t o  bubble through the system and over the coal sample. Changes in weight due to  sorption were 
recorded. The sorption experiments were carried out  a t  constant temperature of 
50 

For the creep experiments a thermomechanical analyzer was used. The flat coal samples for these 
studies were prepared under nitrogen by slicing coal chunks along their fault lines, and grinding the 
resulting slabs smooth with a diamond wheel (Peppas el al., 1984). The  size of each sample was approxi- 
mately 2.5 mm2 in surface area, by 0.6 t o  0.9 mm in thickness. The Eat samples were cut to  the size of 
the TMA probe and tested using the thermomechanical analyzer (Perkin Elmer, model TMS-2) in the 
penetration mode under continuous purging with nitrogen. The initial temperature was 35' C and a 
scanning rate of 10" C/min was used. The surface area of the cylindrical probe t ip  used was 0.6207 
mm'. Each sample was tested using applied loads of 10, 20, 30 and 40 g with corresponding stresses of 
0.158. 0.316, 0.474 and 0.632 M a .  Changes due to deformation were recorded. 

C, 100 ' C, 150 C,  250 C, 300 ' C, and 350 ' C. 

RESULTS AND DISCUSSION 

Dynamic Swelling a1 High Temperaturea 

Dynamic swelling experiments with coal particles were performed at various temperatures to establish 
the transport mechanism in the presence of a solvent and the degradation reaction of coal. The  studies 
presented here were performed with PSOC 312 coal particles of 20-30 mesh a t  35, 50, 100, 150, 200, 250 
and 300 ' C. 

The results of these studies are presented in Figures 1 and 2. At low temperatures, 35 and SO'C, 
significaut pyridine uptake is observed with minimum degradation. At  100 C degradation is prominent. 
and the overall change of weight is smaller than at lower temperatures. Above 150' C the degradation is 
significant. T o  further investigate this phenomenon similar coal samples were run in the TGA equipment 
in the absence of pyridine vapors and the degradation was recorded as shown in Figure 3. Experiments 
a t  35 ' C,  50 C and 150" C showed no measurable degradation over a period of 15 hours. 
Then, the data  of Figure 1 and 2 were corrected for the loss of weight due t o  degradation and the 
corrected values are reported in Figure 4. 

The overall penetrant uptake does not, and should not be expected to, correlate with temperature, 
since, due t o  the degradation process, the coal structure changes radically, leading t o  significant changes 
of the thermodynamic interactions between pyridine and coal network as well as, most probably, the 
porous structure. However, the inflection points and overshoots observed especially a t  
200 * C, 250 ' C, and 300 C are "real" observations, since the experimental error of the technique was 
determined to be less than 0.1 %. The  data  of 150' C show tha t  a t  this temperature the degradation is 
more significant than the pyridine uptake. 

In general we may conclude that  the pyridine transport through the significantly altered coal network 
at temperatures approaching its glass transition temperature is highly nonPickian, t ha t  macromolecular 
relaxations become extremely important (as exhibited by the strong overshoots observed), and tha t  the 
affinity of pyridine for the network is dramatically altered a t  high temperatures. Obviously, more 
detailed studies are needed to quantitatively elucidate this very fascinating phenomenon. 

C, 100 

' In the presence of 70-150 % pyridine in coal particles at 2513-350°C the coal network is in the r u b  
bery state, only slightly above its T, values (Peppas, 1983) and the highly anomalous transport mechan- 
ism should be expected, due to  the value of the Deborah number which is of the order of one (Peppas 
el al., 1984). The macromolecular relaxation, and the associated anomalous transport, lead to a drasti- 
cally increased penetrant flux in the coal network, since the pseudo-convective contribution to anomalous 

a t  equilibrium the pyridine uptake is as high as 2.3 times the weight of coal, when Fickian diuusion 
predominates. 

/ transport becomes extremely important. In fact, no experimental d a t a  have been observed before, where 
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Viscoelastic Behavior at Low and High Temperatures 

Figures 5 and 6 present the compressive strain versus temperature (and time, since the scanning speed 
was 10' C/rnin) curves for samples of PSOC-312 with 78.33 % C and PSOC-853 with 80.15 % C, for 

different applied stresses. 

Each curve on Figure 5 shows an induction period, followed by a change of the strain, usually starting 
a t  about 115-150 ' C. A t  about 350' C, where the sample is near its glass transition temperature, the 
compressive strain is only about 3-3.5 % of the total thickness, a typical value of compressive strain for 
porous, glassy polymers. Almost all the samples show that  a t  low applied stresses and up to 300' C a 
significant "negative strain" (namely expansion) of the coal samples is exhibited, which is, of course, 
characteristic of the traditional "swelling" of coals when heated in an inert atmosphere. With higher 
applied stress, the overall effect is compression and therefore an increase in compressive strain. 

To further understand the viscoelastic behavior of coal below and near T,, one may have t o  further 
examine Figure 6 which shows the strain versus temperature behavior up to the glass transition region. 
All the curves are smooth (a  minor inflection point of unknown origin appears a t  about 250" C) and quite 
typical of the similar behavior of glassy polymers. The porous structure should not be of major concern 
in this analysis. Since coal is glassy in most of the range of temperatures studied here, major pore 
compression would be unlikely to  occur. 

At a specific temperature, the creep behavior is highly similar to  that  of conventional macromolecular 
structures (Figure 7). A smooth increase in compressive strain is observed, which at  250" C (ror PSOC- 
853) seems t o  level OB a t  about 20 %, whereas a t  300 C it reaches 65 %. It should be noted that  the T, 
value for this coal is 305" C. 

Figure 7 shows also the  erect of repeated loadings (or creep experiments) on the compressive strain a t  
constant temperature. Fo r  example, a t  300" C the creep behavior was followed for 200 hours a t  which 
time (point A) the load was removed and the recovery process was followed. The sample attained a cer- 
tain compressive strain of 0.50 (permanent plastic deformation). Upon reapplication of the same stress a t  
260 hours (point B) a very fast creep behavior was observed. It must be noted that  the new values of the 
compressive strain were o n  the extrapolated curve of the first creep experiment (see dashed line of Figure 
7). A similar behavior is obtained a t  250' C, although of much smaller magnitude since the coal network 
is still glassy at  this temperature. 

One important comment must be made here. In a previous note (Howell and Peppas, 1984) we had 
discussed our first data  with this technique, using coal samples which were bigger than the probe size of 
the TMA and we had concluded tha t  some coal samples exhibit unusual "plateau" regions during their 
temperature-dependent creep behavior. In a private communication, Dr. D. Brenner of E u o n  pointed 
out that the phenomenon studied before was that  of "squeezing Row" in a viscoelastic matrix. The new 
studies reported here are with TMA probe-size coal samples (and with much improved preparation tech- 
niques which provide samples of truly uniform thickness (Ritger, 1985)), and they truly represented a 
creep behavior. The plateau region observed in the "squeezing Row" type studies has disappeared here, 
although a weak inflection point can be seen in some of the samples in the same region where the plateau 
was before. Obviously, studies towards this direction will continue. 
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Figure 1: EKect of Swelling Temperature on Pyridine Uptake on Coal Particles of PSOC-312. Tem- 
peratures: 35 C 0, 50 ' C (0) and 100 ' C (A). 
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Figure 2: EUect of Swelling Temperature on Pyridine Uptake on Coal Particles of PSOC-312. Tem- 
peratures: 150" C 0, 200 ' C (O), 250 ' C (A), and 300" C (0). 
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Figure 3: Coal Weight Loss as a Function ol Time lor PSOC-312. Temperatures: 200°C 0, 
250 ' C (O) ,  300 C (A). 
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Figure 4: Corrected Pyridine Uptake of PSOC-312. Temperatures: 150 " C  0, 200 ' c (a), 
250 * C (A), 300 ' C (0). 
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Figure 5: Compressive Strain as a Function of Temperature for Flat  Coal Section of PSOC-312 with 
Applied Stress of 0.158 0, 0.316 (O), 0.474 (A), and 0.632 (0) MPa. 
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Figure 6: Compressive Strain as a Function of Temperature lor Flat Coal Section of PSOC-853 with 
Applid Stress of 0.158 0, 0.316 (O), 0.474 (A), and 0.632 (0) MPa. 
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Figure 7: Compressive Strain as a Function of Time for PSOC-853 Coal Samples under Applied Stress 
of 0.474 h4Pa at 250 ' C (0) and 300' C 0. Creep period (from 0 to point A); recovery 
period (from A to B); second creep period (after point B). 
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DIFFUSIVE UPTAKE OF FLUIDS BY COAL PARTICLES -- EFFECTS OF 
PARTICLE SHAPE AND PARTICLE S I Z E  DISTRIBUTION 
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INTRODUCTION 

Di f fus ion i n t o  coals  i s  o f  cons iderable techno log ica l  importance s ince 
many coal mod i f i ca t i on  processes, such as d i r e c t  l i q u e f a c t i o n ,  d e s u l f u r i z a t i o n ,  
deminera l izat ion,  and chemical modi f icat ion,  i nvo l ve  d i f f u s i o n  o f  l i q u i d s  o r  gasses 
i n t o  the coal .  Add i t i ona l l y ,  much of the fundamental chemical research on coals  
requ i res  d i f f u s i o n  of l i q u i d s  o r  d isso lved reagents i n t o  the  coal so t h a t  react ions 
can occur. Precise i n t e r p r e t a t i o n  o f  these experiments o f t e n  requ i res  an 
understanding of the d i f f u s i o n a l  behavior. The r a t e  t h a t  reactants  d i f f u s e  i n t o  the 
p a r t i c l e s  i s  o f ten a r a t e - l i m i t i n g  step. 
p a r t i c l e s  i n  the  coal s l u r r y  g rea t l y  complicates the  o v e r a l l  d i f f u s i o n  k i n e t i c s ,  and 
unless t h i s  heterogenei ty  i s  proper ly  taken i n t o  account i t  can lead t o  erroneous 
analyses of t he  process. There i s  in format ion i n  the  l i t e r a t u r e  on t h e  d i f f u s i v e  
uptake of f l u i d s  by d i f f e r e n t l y  shaped s ing le  p a r t i c l e s  f o r  var ious concen t ra t i on -  
dependent d i f f us ion  c o e f f i c i e n t s  ( l ) ,  and the re  i s  some l i t e r a t u r e  on d i f f u s i o n  i n t o  
coals (2.3). 
d i s t r i b u t i o n  on the  d i f f u s i v e  uptake o f  coals i n  a s l u r r y  i s  ava i l ab le .  The 
o b j e c t i v e  o f  t h i s  paper i s  t o  determine the range o f  d i f f u s i v e  uptake behaviors  
which can r e s u l t  from the d i f f e r e n t  p a r t i c l e  shapes and t h e  p a r t i c l e  s i z e  
d i s t r i b u t i o n .  

Coal samples are commonly prepared by breaking down the  coal u n t i l  i t  i s  
below a se lected mesh s ize.  
p a r t i c l e  sizes. Sometimes mesh cuts o f  the coal are taken i n  which on ly  t h a t  coal 
which passes through a se lected l a rge r  mesh size, but  not  through a se lec ted  smaller 
mesh size, i s  u t i l i z e d .  This  reduces the breadth o f  the s i ze  d i s t r i b u t i o n ,  but  even 
i n  the l i m i t  o f  an i n f i n i t e l y  narrow mesh cu t  t he re  w i l l  s t i l l  be considerable 
v a r i a t i o n s  i n  the d i f f u s i v e  uptake o f  the various p a r t i c l e s  due t o  t h e  wide range o f  
shapes t h a t  r e s u l t  from t h e  breakdown or f r a c t u r e  process, and a l so  due t o  t h e  
cracks and heterogenei ty  o f  the coa l ' s  microst ructure.  

s i z e  d i s t r i b u t i o n ,  we adopted the  fo l l ow ing  s t ra tegy.  F i r s t ,  s ince t y p i c a l  
d i s t r i b u t i o n s  of p a r t i c l e  shapes present i n  coal samples are unknown, t o  determine 
t h e  range o f  d i f f u s i v e  uptake behavior caused by having d i f f e r e n t  p a r t i c l e  shapes i n  
the s lu r r y ,  we ca l cu la te  d i f f u s i v e  uptakes f o r  both slab-shaped p a r t i c l e s  ( w i t h  
i n f i n i t e  he ight - to-width r a t i o s )  and spher ica l  p a r t i c l e s .  Most o the r  p a r t i c l e  
shapes can be considered t o  be in termediate between these two shapes, so t h e i r  
uptakes can be expected t o  f a l l  i n  between these two extreme cases. Thus, these 
p a i r s  o f  uptake ca l cu la t i ons  bracket the range o f  d i f f u s i v e  uptakes f o r  most 
p a r t i c l e  shapes, and therefore bracket the uptakes f o r  most d i s t r i b u t i o n s  o f  
p a r t i c l e  shapes. 

To determine the e f f e c t s  o f  t he  d i s t r i b u t i o n  o f  p a r t i c l e  sizes, f o r  each 
p a r t i c l e  shape (s lab  o r  sphere) we ca l cu la te  the  d i f f u s i v e  uptakes o f  both a s i n g l e  
p a r t i c l e  and a s l u r r y  o f  d i f f e r e n t l y  s ized p a r t i c l e s  w i t h  t h a t  shape. The p a r t i c l e  
s i ze  d i s t r i b u t i o n  used was obta ined from an experimental study o f  b a l l  m i l l i n g  o f  
coal  by P. Luckie, e t  a l .  a t  Pennsylvania State U n i v e r s i t y  (41 ,  so t h e  d i s t r i b u t i o n  
i s  re levent  t o  actual  coal s l u r r i e s .  While these i n v e s t i g a t o r s  found t h a t  t h e r e  
were some va r ia t i ons  i n  the measured p a r t i c l e  s i z e  d i s t r i b u t i o n  depending on the 
experimental condi t ions,  a t y p i c a l  d i s t r i b u t i o n  i s  approximated by 

The v a r i e t y  o f  shapes and s i zes  o f  

However, no in format ion concerning the  e f f e c t  o f  t he  p a r t i c l e  s i z e  

This procedure r e s u l t s  i n  a wide d i s t r i b u t i o n  o f  

To assess the ef fects  o f  the d i f f e r e n t  p a r t i c l e  shapes and o f  t h e  p a r t i c l e  

I 
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W ( R )  = 1 f o r  0 R < Ro 
= 0 f o r  R > Ro , 

where W(R)dR i s  the weight f r a c t i o n  ( o r  volume f r a c t i o n )  o f  p a r t i c l e s  whose s ize R 
i s  between R and R + dR. Ro, o f  course, gives the  upper l i m i t  on t h e  sizes o f  t h e  
p a r t i c l e s .  For spher i ca l  p a r t i c l e s  R i s  t he  p a r t i c l e  radius. For slab-shaped 
p a r t i c l e s ,  R i s  the ha l f - t h i ckness  o f  the p a r t i c l e .  The p a r t i c l e  s i z e  d i s t r i b u t i o n  
g iven by Eq. 1 i s  t h e  d i s t r i b u t i o n  we use for  a l l  s l u r r y  ca l cu la t i ons  i n  t h i s  paper. 

Besides t h e  v a r i a t i o n s  i n  p a r t i c l e  shapes and s izes,  t he re  are a number o f  
o t h e r  fac to rs  which compl icate d i f f u s i o n  i n  coal. These fac to rs  inc lude the  cracks 
and holes through the  coal, the v a r i e t y  o f  macerals having d i f f e r e n t  chemical and 
phys ica l  p roper t i es  which make up the coal, the heterogenei ty  o f  t he  s t r u c t u r e  even 
w i t h i n  i n d i v i d u a l  macerals, and the e f f e c t s  o f  in termacera l  i n te r faces  and minera l  
mat ter  (5) .  These he te rogene i t i es  o f  the coal s t ruc tu res  w i l l  not be e x p l i c i t l y  
t rea ted  i n  t h i s  paper, but they may cause subs tan t i a l  dev iat ions from the usual 
d i f f u s i o n a l  behavior. The e f f e c t s  o f  p a r t i c l e  shape and p a r t i c l e  s i z e  d i s t r i b u t i o n s  
which are t rea ted  here should g i ve  a q u a l i t a t i v e  i n d i c a t i o n  o f  the s o r t s  o f  
dev iat ions which might  r e s u l t  from these heterogenei t ies.  

FORMULATION OF THE MODELS 

I n  t h i s  sec t i on  the  d i f f u s i o n  models being considered are discussed 
b r i e f l y ,  and the mathematics desc r ib ing  the models i s  formulated. Two d i s t i n c t  
modes o f  d i f f u s i o n  are t reated,  F ick ian d i f f u s i o n  (6) and Case I1  d i f f u s i o n  ( 7 ) .  
F ick ian d i f f u s i o n  i s  t h e  common form o f  d i f f u s i o n  i n  which the r a t e  o f  f low o f  t he  
penetrant i s  r e l a t e d  t o  t h e  concentrat ion gradient  by a p r o p o r t i o n a l i t y  f ac to r ,  
D(c), which i s  c a l l e d  the d i f f u s i o n  c o e f f i c i e n t .  For F ick ian d i f f u s i o n ,  t he  
concentrat ion c ( t , x )  o f  t he  penetrant w i t h i n  a p a r t i c l e  obeys the  f o l l o w i n g  
equation : 

ac a t  = $-D(c)$c 

For F ick ian d i f f u s i o n ,  D i s  e i t h e r  a constant  or  i s  an e x p l i c i t  f unc t i on  o f  the 
concentrat ion c. D i f f u s i o n  c o e f f i c i e n t s  which are non-decreasing funct ions o f  
concentrat ion can be expected f o r  the d i f f u s i o n  o f  most penetrants i n t o  coal, so 
on ly  these are considered i n  t h i s  paper. 

We impose the  boundary and i n i t i a l  cond i t i ons  

c = c* a t  t he  p a r t i c l e ' s  sur face 
c = o  a t  t ime t = 0 w i t h i n  the p a r t i c l e .  

Here the ( f i x e d )  concen t ra t i on  c* i s  the concentrat ion o f  penetrant w i t h i n  the  coal 
p a r t i c l e  which would be i n  e q u i l i b r i u m  w i t h  the  concentrat ion of penetrant i n  the 
so lut ion;  i.e., c* i s  t he  sa tu ra t i on  concentrat ion o f  the penetrant w i t h i n  t h e  
coa l .  By us ing Eq. 3.1, we are assuming t h a t  the external  surface of the p a r t i c l e  
i s  i n  e q u i l i b r i u m  w i t h  the so lu t i on .  By t a k i n g  c* t o  be constant i n  t ime, we are 
assuming t h a t  t h e  s l u r r y  i s  w e l l - s t i r r e d  and t h a t  the deplet ion o f  t h e  penetrant i n  
the so lu t i on  i s  n e g l i g i b l e .  (Mainta in ing the  proper boundary cond i t i ons  i n  
experiments we wish t o  i n t e r p r e t  i s  c r u c i a l .  
procedure i s  t o  a l l ow  a penetrant  t o  d i f f u s e  from a l i q u i d  resevo i r  through an i n e r t  
gas t o  reach the p a r t i c l e s .  However, t h i s  procedure genera l ly  w i l l  not maintain the  
boundary cond i t i on  (Eq. 3.1) s u f f i c i e n t l y  accurate ly ,  which may g r e a t l y  pe r tu rb  the  
r e s u l t s ) .  
no penetrant a t  the s t a r t  o f  t he  experiment. Once the  penetrant concentrat ion 
c ( t , x )  w i t h i n  a p a r t i c l e  has been determined from Eqs. 2, 3.1 and 3.2, the 
p a r t i c l e ' s  uptake o f  penetrant  a t  t ime t, m( t ) ,  i s  found by i n t e g r a t i n g  over the 
p a r t i c l e ' s  volume: 

(4) m ( t )  = { i $c ( t , ? )dV .  

For example, a f requent  experimental 

The i n i t i a l  condi t ion,  Eq. 3.2 simply s ta tes  t h a t  the p a r t i c l e s  conta in  
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For the  condi t ions o f  Eqs. 3,  t h e  uptake w i l l  be p ropor t i ona l  t o  Jt f o r  a semi- 
i n f i n i t e  medium so f o r  any reasonably shaped p a r t i c l e  it w i l l  be p ropor t i ona l  t o  
Jt a t  small enough times. 

d i f fus ion,  but which are a l so  governed by Eqs. 2-4. 
F i ck ian  d i f f u s i o n  and chemical reac t i on  w i t h i n  the p a r t i c l e s ,  and i f  the  r e a c t i o n  
proceeds much more r a p i d l y  than the d i f f u s i o n  (so  d i f f u s i o n  i s  the r a t e - l i m i t i n g  
s tep) ,  then the d i f f u s i v e  uptake o f  the substance by a p a r t i c l e  i s  again g iven by 

which represent extremes i n  the concentrat ion dependence. 
simply a constant d i f f u s i o n  c o e f f i c i e n t  

There i s  an important c lass  o f  problems which do no t  i nvo l ve  pure 
I f  a substance undergoes both 

Eqs. 2-4. 
Among a l l  non-decreasing d i f f u s i o n  c o e f f i c i e n t s  D(c), t h e r e  are two cases 

One extreme case i s  

(5.1) D(c) = Do f o r  a l l  C. 

The other  extreme case i s  found by consider ing a d i f f u s i o n  c o e f f i c i e n t  which i s  zero 
up t o  near ly  the sa tu ra t i on  concentrat ion c*. but  j u s t  shor t  o f  t h i s  concen t ra t i on  
the  c o e f f i c i e n t  jumps t o  a l a r g e  value and remains f i x e d  u n t i l  sa tu ra t i on .  
Mathematically, t h i s  d i f f u s i o n  c o e f f i c i e n t  i s  

(5.2) D (C)  = 0 f o r  c "< c* - E 

= 0 f o r  c*-E < c < c* , 

where A i s  a constant, and E/C* < < 1. This  second extreme case i s  obta ined by 
l e t t i n g  E become a r b i t r a r i l y  small and thereby take the  l i m i t  as E + 0 . 

We assert t h a t  the normalized uptake curve m( t )  f o r  any non-decreasing 
d i f f u s i o n  c o e f f i c i e n t  D(c) always l i e s  i n  between t h e  normalized uptake curves 
ca l cu la ted  f o r  the two extreme cases given by Eq. 5.1 and Eq. 5.2 ( i n  the l i m i t  of 
E + 0).  (The normal izat ion o f  t he  uptake curves i s  discussed i n  t h e  next  sect ion. )  
Thus, t he  uptake curves ca l cu la ted  us ing t h e  two extreme d i f f u s i o n  c o e f f i c i e n t s  
bracket the range o f  uptake curves f o r  a l l  non-decreasing d i f f u s i o n  c o e f f i c i e n t s  
D(c). 
concentrat ion dependent d i f f u s i o n  c o e f f i c i e n t s  i nc lud ing ,  f o r  example, d i f f u s i o n  
c o e f f i c i e n t s  which increase exponen t ia l l y  w i t h  concentrat ion.  I n  a l l  cases the  
uptake curves remained between the  two extremes. As we s h a l l  see, f o r  s l u r r y  
systems these two extreme cases y i e l d  normalized uptake curves which l i e  
s u r p r i s i n g l y  c lose together .  So the ,curves f o r  a l l  non-decreasing d i f f u s i o n  
c o e f f i c i e n t s  l i e  c lose together .  

be described by s i m i l a r  equations. I n  Case I 1  d i f f u s i o n  there i s  a sharp 
penetrat ion f r o n t  t h a t  propagates i n t o  t h e  m a t r i x  ma te r ia l  a t  a constant  v e l o c i t y ,  
so the i n i t i a l  uptake o f  penetrant i s  l i n e a r  i n  t ime. Ahead o f  t he  f r o n t  t he  
concentrat ion i s  near ly  zero, and behind the  f r o n t  the concentrat ion i s  nea r l y  
constant. Then f o r  Case I1 d i f f u s i o n ,  the concentrat ion c ( t , x )  o f  penetrant  a t  
p o s i t i o n  t i n  a p a r t i c l e  i s  given by 

We have tes ted  t h i s  asse r t i on  w i t h  a very l a rge  number o f  d i f f e r e n t  

Case I 1  d i f f u s i o n  i s  d i s t i n c t l y  d i f f e r e n t  from Fick ian d i f f u s i o n  and cannot 

c ( t , x )  = c* i f  s /< v t  
= O  i f s > v t ,  

where s i s  the d is tance from the  p o i n t  t t o  the  p a r t i c l e ' s  surface, and v i s  t h e  
v e l o c i t y  o f  the pene t ra t i on  f r o n t .  
absorpt ion o f  the penetrant r e s u l t s  i n  a t r a n s i t i o n  o f  t he  ma t r i x  ma te r ia l  from a 
p l a s t i c  t o  a rubbery o r  viscous s ta te .  Since some l i q u i d s  are known t o  t rans fo rm 
some coals from a p l a s t i c  t o  a rubbery s t a t e  (8,9), Case I1 d i f f u s i o n  o r  behavior 
in termediate between Case I1 and Fick ian d i f f u s i o n  i s  a p o s s i b i l i t y  f o r  coals .  

One o f  the most common and eas ies t  methods o f  cha rac te r i z ing  the  
d i f f us iona l  behavior o f  a system i s  t o  expose the ma te r ia l  t o  the f l u i d  a t  
t = 0, and t o  monitor t he  uptake as a func t i on  o f  time. 
i n  t h i s  study. 

Case I 1  d i f f u s i o n  o f t e n  occurs where the  

This i s  t h e  approach taken 
For t h i s  approach there are two aspects o f  these d i f f u s i o n a l  systems 
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t h a t  we are p a r t i c u l a r l y  i n te res ted  i n :  
learned about the  d i f f u s i o n  c o e f f i c i e n t  D(c); and (2) how we l l  can the  uptake be 
p red ic ted  w i thout  hav ing  d e t a i l e d  knowledge o f  the d i f f u s i o n  c o e f f i c i e n t .  
address these issues, t he  uptakes were c a l c u l a t e d  f o r  t he  systems t h a t  were 
descr ibed above. 

d i g i t a l  computer. The method used was the  Crank-Nicolson scheme (10). The resuts 
were ca lcu la ted  t o  an accuracy o f  b e t t e r  than 0.11, so any res idua l  dev ia t ions  from 
the exact r e s u l t s  would not be observable i n  the  f i gu res .  

METHOD OF PRESENTATION OF DATA 

(1) given t h e  uptake behavior, what can be 

To 

The uptakes were c a l c u l a t e d  from Eqs. 1-6 us ing  numerical methods on a 

Resul ts f o r  each o f  t he  models w i t h  the  cond i t ions  discussed i n  the  
Formulation Sect ion a re  presented i n  t h i s  paper i n  graphical  form. A few words are  
needed t o  descr ibe t h e  mode o f  p resenta t ion  o f  the  graphical  data. The approach 
taken i n  t h i s  study i s  t h a t  t h e  experimenter does no t  know anything a r i o r i  about 
t h e  d i f f u s i v e  behavior o f  h i s  system; r a t h e r  he measures the  p e n e t r a h e  as a 
func t i on  o f  t ime and then at tempts t o  determine such cha rac te r i s t i cs  as the  type o f  
d i f f u s i o n  (e.g. F ick ian ,  or Case 11, or  an in te rmed ia te  behavior) ,  and the  
concent ra t ion  dependence o f  t h e  d i f f u s i o n  c o e f f i c i e n t .  Our procedure, then, i s  t o  
compute theo re t i ca l  curves based on var ious models t o  which the  experimenter can 
compare h i s  data and at tempt t o  determine the  d i f f u s i v e  character o f  h i s  system. 
The data computed f o r  t he  d i f f e r e n t  hypothe t ica l  models are convenient ly displayed 
as normalized graphs o r  curves. The v e r t i c a l  ax is  measures the  f r a c t i o n  o f  
penetrant taken up by the  medium, where 1.0 i s  the  maximum value which occurs a t  
sa tu ra t i on  (i.e., e q u i l i b r i u m ) .  The ho r i zon ta l  ax i s  i s  the t i m e  ax is .  For F ick ian  
d i f f u s i o n  having the  boundary cond i t i on  o f  constant concent ra t ion  o f  penetrant a t  
the f l u i d - s o l i d  i n t e r f a c e ,  t h e  uptake curve f o r  any reasonably shaped p a r t i c l e  w i l l  
be p ropor t iona l  t o  Jt a t  smal l  enough times. Since a l i n e a r  curve ( i n i t i a l l y )  i s  
easy t o  evaluate v i s u a l l y ,  t h e  t ime ax i s  i n  t h e  f i gu res  i s  scaled as Jt. What 
remains i s  t o  sca le  t h e  absolute magnitude o f  t ime a long the  t ime ax is .  We have 
found tha t  a convenient c r i t e r i o n  i s  t o  match the  slopes o f  the var ious curves i n  a 
f i gu re  a t  zero t ime. 
how they dev ia te  from the  o r i g i n a l  s lopes as t ime progresses. 
p a r t i c l e  data f o r  F i ck ian  d i f f u s i o n ,  t h e  sca l i ng  o f  t h e  system i s  a r b i t r a r i l y  chosen 
t o  produce i n i t i a l  s lopes o f  45". The uptake curves produced by p l o t t i n g  f rac t i ona l  
uptake versus the  square roo t  o f  time, where the  i n i t i a l  slopes are scaled t o  be 
45'. w i l l  be re fe r red  t o  as "normalized uptake curves".  

RESULTS 

F ick ian  D i f f u s i o n  

a. 

Then t h e  curves s t a r t  o f f  together  and i t  i s  easy t o  observe 
For the  s ing le  

Fickian d i f f u s i o n  i n  a s i n g l e  slab-shaped p a r t i c l e  

F igure  1 shows the  normalized uptake curves f o r  F ick ian  d i f f u s i o n  i n  a 
slab, fo r  a constant d i f f u s i o n  c o e f f i c i e n t  and f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  def ined 
i n  Eqs. 5.2. (Recal l  t h a t  t h e  normal ized uptake curve f o r  any non-decreasing 
d i f f us ion  c o e f f i c i e n t  l i e s  i n  between these two curves) .  The lower curve i s  f o r  t h e  
constant d i f f us ion  c o e f f i c i e n t  and the  upper curve i s  f o r  t he  c o e f f i c i e n t  which i s  
zero except f o r  concent ra t ions  very near sa tura t ion .  The curves are s t r a i g h t  and 
v i r t u a l l y  i n d i s t i n g u i s h a b l e  up t o  an uptake o f  roughly 0.6. This behavior i s  not 
Surpr is ing  s ince  i t  i s  we l l  known t h a t  f o r  F ick ian  d i f f u s i o n  i n  a s e m i - i n f i n i t e  
medium w i th  the  boundary cond i t i on  descr ibed i n  Eq. 3.1, the  curves would be 
s t r a i g h t  f o r  a l l  t ime f o r  an concent ra t ion  dependence o f  t he  d i f f u s i o n  
coef f i c ien t .  A d e v i a t i o n  &m the  s t r a i g h t  l i n e  can only occur when there  i s  an 
appreciable over lap  o f  f l u i d  d i f f u s i n g  i n  from one s ide  o f  t he  s lab  w i t h  f l u i d  which 
d i f fused i n  through t h e  o the r  s ide.  
appreciable concent ra t ion  a t  t he  center plane o f  the  s lab  do d i f fe rences  occur 
between the f i n i t e  th ickness  s lab  and a s e m i - i n f i n i t e  s lab.  

That i s ,  only when the f l u i d  achieves an 
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The d i f f u s i o n a l  behavior f o r  t he  d i f f u s i o n  c o e f f i c i e n t  def ined by Eqs. 5.2 
i s  r e a d i l y  p i c tu red  phys i ca l l y .  
no d i f f u s i o n  unless the f l u i d  concentrat ion i s  e s s e n t i a l l y  a t  sa tu ra t i on ,  t he  f l u i d  
propagates i n t o  the medium as a sharp f r o n t  w i t h  concentrat ion zero ahead o f  t he  
f ron t ,  and i t  i s  e s s e n t i a l l y  a t  i t s  sa tu ra t i on  value behind the f r o n t .  The f ron t  
propagates w i t h  a decreasing v e l o c i t y  which i s  p ropor t i ona l  t o  l/Jt.  Only when the 
f ron ts  propagating i n  from opposi te  sides o f  t he  s lab meet, does the system 
recognize t h a t  t he  s lab  i s  not  s e m i - i n f i n i t e .  Since F ick ian uptake curves f o r  non 
decreasing d i f f u s i o n  c o e f f i c i e n t s  always remain concave towards the  Jt a x i s  ( l l ) ,  i t  
i s  c l e a r  t h a t  the d i f f u s i o n  c o e f f i c i e n t  o f  Eqs. 5.2, which maintains the 45' 
s t r a i g h t  l i n e  a l l  the way t o  sa tu ra t i on  gives an upper bound t o  the cummulative 
uptake a t  any t ime. 

b. F ick ian d i f f us ion  i n  a s i n g l e  spher ica l  p a r t i c l e  

again u t i l i z e d ,  but t h i s  t ime f o r  a spher ica l  p a r t i c l e .  
in termediate concen r a t i o n  dependence i s  inc luded -- the  exponential concen t ra t i on  
dependence D(c) = The exponential d i f f u s i o n  c o e f f i c i e n t  g ives the  i n te rmed ia te  
curve i n  Figure 2, which i l l u s t r a t e s  our general f i n d i n g  t h a t  t he  normalized uptake 
curve for  any d i f f u s i o n  c o e f f i c i e n t  ( t h a t  i s  non-decreasing w i t h  concen t ra t i on )  
always l i e s  i n  between the normalized uptake curves obtained from the extreme 
d i f f u s i o n  c o e f f i c i e n t s  i n  Eq. 5.1 and Eqs. 5.2. For spher ica l  p a r t i c l e s  t h e  
d i f f e r e n c e  i n  the  normalized uptake curves for  t he  two d i f f u s i o n  c o e f f i c i e n t s  which 
give the upper and lower bounds i s  much less  ev ident  than f o r  t he  s lab case, 
fact ,  unless an experimental uptake curve had a very h igh  accuracy, i t  would be 
d i f f i c u l t  t o  determine whether the observed behaviour was produced by the most 
s t rong ly  concentrat ion dependent d i f f u s i o n  c o e f f i c i e n t  poss ib le  ( the upper curve) o r  
by a constant d i f f u s i o n  c o e f f i c i e n t  ( t he  lower curve), much less  some in te rmed ia te  
concentrat ion dependence. 

It i s  seen i n  Figure 2, t h a t  the uptake curves depart from t h e  i n i t i a l  
s t r a i g h t  l i n e  much e a r l i e r  than f o r  t he  s lab.  The d e v i a t i o n  from the s t r a i g h t  l i n e  
by the  upper curve, f o r  which the  penetrant  propagates i n t o  the ma te r ia l  as a sharp 
f ron t ,  i s  caused by the smal ler  and smal ler  area o f  t he  surface def ined by the f r o n t  
as i t  propagates towards the center  o f  t he  sphere. 

Since f o r  t h i s  d i f f u s i o n  c o e f f i c i e n t  t h e r e  can be 

I n  Figure 2, the same two d i f f u s i o n  c o e f f i c i e n t s  used i n  Figure 1 are 
I n  add i t i on ,  an 

I n  

' 

c. Fickian d i f f u s i o n  i n  a s l u r r y  o f  slab-shaped p a r t i c l e s  

Figure 3 shows the  e f f e c t  o f  t he  p a r t i c l e  s i z e  d i s t r i b u t i o n  on t h e  uptake 
behavior of slab-shaped p a r t i c l e s .  The curves i n  t h i s  s l u r r y  graph are scaled such 
t h a t  i f  a l l  o f  t he  volume o f  t he  sample was used i n  making up p a r t i c l e s  o f  t he  same 
s i ze  as the l a rges t  p a r t i c l e  i n  t h i s  d i s t r i b u t i o n ,  then the curves would s t a r t  out  
a t  45' on t h i s  p l o t .  
d i s t r i b u t i o n  r e s u l t s  i n  a l a r g e r  sur face area than i f  the  same volume res ided  i n  
l a r g e r  p a r t i c l e s ,  so the i n i t i a l  s lope f o r  the s l u r r y  i s  cons iderably  g rea te r  than 
45". 

c o e f f i c i e n t s  as i n  Figure 1. It i s  immediately obvious by comparing Figures 1 and 3 
t h a t  the p a r t i c l e  s i ze  d i s t r i b u t i o n  d ramat i ca l l y  changes the behavior o f  t h e  
normalized uptake curves. 
t he re  i s  s i g n i f i c a n t l y  l ess  d i f f e r e n c e  between the  uptake curves f o r  t h e  two extreme 
concentrat ion dependencies shown than f o r  the s i n g l e  p a r t i c l e  case. I n  f a c t ,  t he  
curves f o r  the s l u r r y  o f  s l a b - l i k e  p a r t i c l e s  i n  Figure 3 are s i g n i f i c a n t l y  c lose r  
together  than the  curves f o r  t he  s i n g l e  spher i ca l  p a r t i c l e  i n  Figure 2. 

It i s  seen t h a t  t he  uptake curves i n  F igure 3 f a l l  we l l  below the  i n i t i a l  
slope a t  a much lower uptake value than even f o r  the s i n g l e  spher ica l  p a r t i c l e  
case. Q u a l i t a t i v e l y  the reason f o r  t h i s  e a r l y  d e v i a t i o n  i s  c l e a r .  The smal ler  
p a r t i c l e s  i n  the d i s t r i b u t i o n  approach s a t u r a t i o n  q u i c k l y  and then c o n t r i b u t e  l i t t l e  
t o  the  uptake. The c lose correspondence of t he  two curves a t  a l l  t imes and the  

O f  course the presence o f  the smal ler  p a r t i c l e s  i n  t h e  

The top  and bottom curves i n  Figure 3 are f o r  t h e  same d i f f u s i o n  

For example, f o r  t h i s  s l u r r y  o f  slab-shaped p a r t i c l e s  
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dramatic d i f ferences between t h e  curve shapes i n  Figures 1 and 3 suggest t h a t  t he  
p a r t i c l e  s i ze  d i s t r i b u t i o n  i s  t h e  dominant f a c t o r  i n  the  uptake behavior. 

d. F ick ian d i f f u s i o n  i n  a s l u r r y  o f  spher ica l  p a r t i c l e s  

F igure 4 presents  s l u r r y  data f o r  spher ica l  p a r t i c l e s  ca l cu la ted  us ing the  

The uptake curves i n  Figure 4 l i e  
d i f f u s i o n  c o e f f i c i e n t s  descr ibed prev ious ly .  
t he  s i n g l e  spher ica l  p a r t i c l e  curves o f  Figure 2. 
very c lose together, even though the curves represent the two extreme cases o f  
concentrat ion dependence f o r  (monotonica l ly  i nc reas ing )  F i ck ian  d i f f u s i o n  
c o e f f i c i e n t s .  It i s  c l e a r  from these r e s u l t s  t h a t  f o r  t he  s o r t  o f  p a r t i c l e  
d i s t r i b u t i o n  used, i t  i s  extremely d i f f i c u l t ,  i f  not impossible, t o  get r e l i a b l e  
concentrat ion dependence in fo rma t ion  f o r  the d i f f u s i o n  c o e f f i c i e n t  from the  shape o f  
t he  uptake curve. 

Case I 1  D i f f u s i o n  and Comparison w i t h  F i ck ian  D i f f u s i o n  

As descr ibed p rev ious l y ,  Case I 1  d i f f u s i o n  e x h i b i t s  behavior which i s  
fundamentally d i f f e r e n t  from F ick ian  d i f f u s i o n ,  regardless o f  t he  concentrat ion 
dependence o f  t h e  F i c k i a n  d i f f u s i o n  c o e f f i c i e n t .  Case I 1  d i f f u s i o n  i s  easy t o  
v i s u a l i z e  since i t  invo lves  the propagation o f  a sharp f r o n t  i n t o  the  medium, w i t h  
zero concentrat ion ahead o f  t he  f r o n t  and sa tu ra t i on  behind the  f r o n t .  I n  t h i s  
respect i t  i s  s i m i l a r  t o  the F i ck ian  d i f f u s i o n  described by Eqs. 5.2, and discussed 
p rev ious l y .  However, p h y s i c a l l y  and mathemat ica l ly  these two modes o f  d i f f u s i o n  are 
fundamentally d i f f e r e n t .  For example, whereas ( regard less o f  t he  concentrat ion 
dependence) a F i c k i a n  f r o n t  propagates i n t o  a s e m i - i n f i n i t e  medium a t  a v e l o c i t y  
p ropor t i ona l  t o  1/Jt (assuming the usual f i x e d  concentrat ion o f  penetrant a t  t h e  
sur face) ,  the Case I 1  f r o n t  propagates a t  a constant v e l o c i t y .  

a. Case I 1  d i f f u s i o n  i n  a s i n g l e  slab-shaped p a r t i c l e  

s i n g l e  s l a b - l i k e  p a r t i c l e .  I n  t h i s  f i g u r e  the Case I 1  d i f f u s i o n  i s  compared t o  the 
two extremes o f  F i ck ian  d i f f u s i o n  p rev ious l y  shown i n  Figure 1. The curve which 
s t a r t s  o f f  lowest i n  F igure 5 i s  from Case I 1  d i f f u s i o n ,  the other  two curves a re  

' 

i d e n t i c a l  t o  t h e  ones i n  Figure 1. The Case I 1  uptake curve can not be convenient ly  
normalized t o  a i n i t i a l  slope o f  45' on t h i s  graph because o f  i t s  i n i t i a l  l i n e a r - i n -  
t t ime dependence. Therefore, the Case I 1  curves were normalized i n  a d i f f e r e n t  
manner. I n  a l l  o f  t h e  remaining f i gu res ,  t he  Case I 1  curve i s  scaled along the  
square-root -of - t  h o r i z o n t a l  a x i s  by r e q u i r i n g  t h a t  t h e  area under i t s  curve be equal 
t o  the  area under the  curve f o r  the constant F ick ian d i f f u s i o n  c o e f f i c i e n t .  The 
dramatic d i f f e r e n c e  i n  behavior between Case I 1  d i f f u s i o n  and F i ck ian  d i f f u s i o n  for 
an monotonica l ly  i n c r e a s i n g  concentrat ion dependence i s  obvious from Figure 5. 
&sumably uptake curves f o r  F i ck ian  d i f f u s i o n  c o e f f i c i e n t s  having 2 concentrat ion 
dependence which i s  a non-decreasing func t i on  o f  concentrat ion w i l l  f a l l  between the  
two F ick ian curves i n  F igure 5, whereas the  Case I 1  curve i s  f a r  out o f  t h i s  
range. While t h e  Case I1 curve appears t o  be h i g h l y  curved i n  t h i s  r/ t  p l o t ,  
a c t u a l l y  t he  Case I 1  curve would be a s t r a i g h t  l i n e  i f  the graph u t i l i z e d  a l i n e a r -  
i n - t  ho r i zon ta l  ax is .  

Th is  f i g u r e  should be compared w i t h  

F igure 5 shows the penetrant  uptake curve f o r  Case I 1  d i f f u s i o n  i n  a 

b. Case I 1  d i f f u s i o n  i n  a s l u r r y  o f  slab-shaped p a r t i c l e s  

F igure 6 shows the uptake curve f o r  Case I 1  d i f f u s i o n  f o r  a s l u r r y  o f  
s l a b - l i k e  p a r t i c l e s .  The 
corresponding F i c k i a n  uptake curves f o r  t h i s  p a r t i c l e  shape and p a r t i c l e  s i ze  
d i s t r i b u t i o n ,  which were shown i n  Figure 3, are d isp layed i n  Figure 6 f o r  
comparison. 
F ick ian and Case I 1  curves f o r  t he  s l u r r y  than i n  Figure 5 f o r  t he  i n d i v i d u a l  
p a r t i c l e s ,  but t h e  curves are s t i l l  q u i t e  d i f f e r e n t .  
f o r  the i n d i v i d u a l  s l a b  of F igure 5 w i t h  the  Case I 1  curve f o r  t he  s l u r r y  o f  Figure 

The p a r t i c l e  s i ze  d i s t r i b u t i o n  i s  given by Eqs. 1. 

It i s  seen t h a t  t h e r e  i s  s l i g h t l y  c l o s e r  correspondence between t h e  

Comparing the Case I 1  ,curve 
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6, it i s  seen t h a t  i n  the reg ion up t o  an uptake o f  about 0.8 the curve i n  Figure 6 
has much less  curvature than i n  Figure 5. 
e n t i r e  uptake curve, from below 0.2 up t o  near ly  0.8, t he  Case I 1  uptake curve i n  
Figure 6 i s  very near ly  s t r a i g h t .  This i s  s u r p r i s i n g  s ince w i t h  our boundary 
cond i t i ons  a s t r a i g h t  l i n e  p l o t  o f  uptake versus square roo t  o f  t ime i s  commonly 
taken as the s ignature o f  F ick ian d i f f u s i o n .  To add t o  the confusion, t he  F i ck ian  
curves i n  Figure 6 have much more curvature than the  Case I1 curve. 
e a r l y  t ime curvature o f  the Case I1 curve were neglected ( f o r  example, t he re  are 
f requent ly  experimental d i f f i c u l t i e s  or  u n c e r t a i n t i e s  a t  small t imes), it i s  
poss ib le  t h a t  an experimenter would m i s i n t e r p r e t  the Case I1 curve as s i g n i f y i n g  
F i ck ian  dif fusion, and would m i s i n t e r p r e t  t he  F ick ian curves as s i g n i f i n g  a non- 
F ick ian type o f  d i f f u s i o n .  
these ca l cu la t i ons  i s  not an a r b i t r a r y  one, but  i s  a f i t t o  an exper imen ta l l y  
der ived curve from the b a l l  m i l l i n g  o f  a coal .  Therefore, i t  i s  c r u c i a l  t h a t  an 
experimenter understand the  e f f e c t i v e  p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  h i s  sample 
before attempting t o  i n t e r p r e t  d i f f u s i o n a l  data from uptake curves. A p a r t i c l e ' s  
e f f e c t i v e  s i ze  w i l l  be a f fec ted  by the  exact shape o f  t he  p a r t i c l e ,  and i n  fac t ,  the 
e f fec t i ve  p a r t i c l e  s i ze  may be q u i t e  d i f f e r e n t  from t h e  p a r t i c l e ' s  geometr ica l  
s ize.  
conta in ing,  and porous mater ia ls ,  such as coals, f o r  which the  geometrical su r face  
and t h e  region r a p i d l y  penetrated by f l u i d s  may d i f f e r  s u b s t a n t i a l l y  (5) .  

as compared t o  the s ing le  p a r t i c l e  uptake i n  Figure 5, i s  caused by t h e  s a t u r a t i o n  
of the smaller p a r t i c l e s  so t h a t  they no longer c o n t r i b u t e  t o  f l u i d  uptake. 

c. Case I1 d i f f u s i o n  i n  a s i n g l e  spher ica l  p a r t i c l e  

A l s o  shown on the graph are the  F ick ian uptake curves f o r  t he  corresponding 
system. The Case I1 uptake curve f o r  t he  sphere d i f f e r s  from the l i nea r - i n - t ime  
behavior f o r  the slab, because as the d i f f u s i o n  f r o n t  propagates i n t o  the sphere 
towards the center, t h e  p o s i t i o n  o f  the f r o n t  describes a smal ler  and sma l le r  
sphere. It i s  noteworthy t h a t  f o r  t he  s i n g l e  spher ica l  p a r t i c l e ,  the Case I1 uptake 
curve has a long, r e l a t i v e l y  s t r a i g h t  reg ion from about 0.2 t o  0.8 on the  square- 
root -of - t ime p l o t .  This i s  a longer (approximately) s t r a i g h t  reg ion than f o r  t he  
corresponding F ick ian curves. O f  course, t he  l a rge  cu rva tu re  i n  the  reg ion below an 
uptake o f  0.2 gives away the  non-Fickian behavior o f  t he  Case I1 curve f o r  t h i s  
system. 

d. Case I1 d i f f u s i o n  i n  a s l u r r y  o f  spher ica l  p a r t i c l e s  

spher ica l  p a r t i c l e s  whose s i z e  d i s t r i b u t i o n  i s  again given by Eqs. 1. The F i ck ian  
curves f o r  the corresponding systems (i.e. Figure 4) are a l so  shown. What i s  
remarkable about t h i s  Case I1  curve i s  t h a t  i t  i s  nea r l y  s t r a i g h t  a l l  the way from 
an uptake o f  about 0.05 t o  0.7 uptake. If the  p a r t i c l e  s i ze  d i s t r i b u t i o n  was not  
taken i n t o  considerat ion one could very e a s i l y  conclude (mistakenly)  t h a t  t h i s  
uptake curve i s  t he  r e s u l t  o f  F ick ian d i f f u s i o n .  

It i s  c l e a r  from t h e  above r e s u l t s  t h a t  f o r  s l u r r y  systems it i s  very 
d i f f i c u l t  t o  determine the concentrat ion dependence o f  t he  d i f f u s i o n  c o e f f i c i e n t ,  or  
even the type o f  d i f f u s i o n ,  from the usual continuous f l u i d  uptake curve. I f  
concentrat ion dependent d i f f u s i o n a l  i n fo rma t ion  i s  des i red f o r  a system, more 
e f fec t i ve ,  though less convenient, methods must be used, such as e q u i l i b r a t i n g  t h e  
sample a t  various concentrat ions and making d i f f e r e n t i a l  uptake measurements. 

I n  fac t ,  over more than h a l f  of t h e  

So, i f  the very 

Recall  a l so  t h a t  the p a r t i c l e  s i z e  d i s t r i b u t i o n  used f o r  

This d i s t i n c t i o n  can be espec ia l l y  important f o r  heterogeneous, crack-  

The change i n  shape o f  t h e  Case I1 uptake curve f o r  the s l u r r y  i n  Figure 6, 

Figure 7 shows t h e  Case I1  uptake curve f o r  a s i n g l e  spher i ca l  p a r t i c l e .  

.Figure 8 shows t h e  uptake curve f o r  Case I1 d i f f u s i o n  i n  a s l u r r y  o f  

CONCLUSIONS 

This study has shown t h a t  the f l u i d  uptake behavior o f  p a r t i c l e s  i n  
s l u r r i e s  can d i f f e r  d r a s t i c a l l y  from the uptake behavior o f  i n d i v i d u a l  p a r t i c l e s .  
Therefore, f l u i d  uptake p r o f i l e s  f o r  s i n g l e  p a r t i c l e s  must no t  be u t i l i z e d  t o  
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i n t e r p r e t  d i f f u s i o n a l  data on s l u r r i e s  w i thou t  t ak ing  i n t o  considerat ion the 
p a r t i c l e  s i ze  d i s t r i b u t i o n .  For a p a r t i c l e  s i z e  d i s t r i b u t i o n  produced by the b a l l  
m i l l  g r i nd ing  o f  coa l ,  i t was found t h a t  the e f f e c t  on the penetrant  uptake was 
s u f f i c i e n t l y  severe t h a t  t he  i n i t i a l  uptake r a t e  f o r  F ick ian d i f f u s i o n  was h i g h l y  
non- l inear  on a square-root-of-t ime p l o t .  However, su rp r i s ing l y ,  w i t h  t h i s  same 
p a r t i c l e  s i z e  d i s t r i b u t i o n ,  Case I 1  d i f f u s i o n  gave a near l y  l i n e a r  graph on a 
square-root -of - t ime p l o t .  
d i f f us ion  for  t h i s  system. Thus f a u l t y  ana lys i s  o f  t he  d i f f u s i o n a l  system can 
r e a d i l y  occur. 

Th is  study a l s o  brought t o  l i g h t  an unexpected s i m i l a r i t y  i n  the shape o f  
f l u i d  uptake curves f o r  d i f f u s i o n  c o e f f i c i e n t s  having d r a s t i c a l l y  d i f f e r e n t  
concentrat ion dependencies. For a coal s l u r r y  having a t y p i c a l  p a r t i c l e  s i ze  
d i s t r i b u t i o n ,  the f l u i d  uptake p r o f i l e s  f o r  d i f f u s i o n  c o e f f i c i e n t s  having extremes 
i n  concentrat ion dependence a re  q u i t e  s i m i l a r  f o r  slab-shaped p a r t i c l e s ,  and for  
spher ica l  p a r t i c l e s  the  curve shapes are almost i nd i s t i ngu ishab le .  These r e s u l t s  
show t h a t  t he  concen t ra t i on  dependence o f  d i f f u s i o n  c o e f f i c i e n t s  can not be read i l y  
determined f o r  s l u r r y  systems us ing continuous f l u i d  uptake measurements. 
l e s s  convenient methods must be used, such as d i f f e r e n t i a l  uptake measurements. 

For coals and o the r  micro-heterogeneous and micro-cracked mater ia ls ,  the 
problem o f  determin ing d i f f u s i o n a l  behavior i s  p a r t i c u l a r l y  complex because t h e  
external  sur face geometry may not s a t i s f a c t o r i l y  i n d i c a t e  the r a t e  o f  penetrat ion o f  
t h e  f l u i d  i n t o  the  p a r t i c l e s .  I n  coal, f o r  example, t h e  uptake o f  f l u i d  through 
holes, cracks, along maceral i n te r faces  and along regions o f  mineral matter may 
c o n t r i b u t e  s u b s t a n t i a l l y  t o  t h e  d i f f u s i o n  process. I n  add i t i on ,  t he  various 
macerals o r  microcomponents o f  t he  coal w i l l  have d i f f e r e n t  d i f f u s i o n a l  
c h a r a c t e r i s t i c s .  Even w i t h i n  the v i t r i n i t e  c l a s s i f i c a t i o n  d i f f e r e n t  pieces o f  

. mater ia l  may e x h i b i t  s u b s t a n t i a l l y  d i f f e r e n t  d i f f u s i o n  c h a r a c t e r i s t i c s .  

So Case I 1  d i f f u s i o n  might e a s i l y  be mistaken f o r  F ick ian 

Other 
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Figure 1 .  Solvent  uptake f o r  a single slab-shaped p a r t i c l e  
a )  Lover curve is f o r  constent  d i f f u s i o n  c o e f f i c i e n t  (concentret ion independent) 

b) Upper curve is for extreme concentration dependent Fickian d i f f u s i o n  

Figure 2 .  Solvent  uptake f o r  a s i n g l e  spherical  p a r t i c l e  
e)  Lover curve i s  for constant  d i f f u s i o n  EDeff ic ient  (concenrration independent) 
b) Middle curve is f o r  exponential ly  cobcentration dependent d i f f u s i o n  c o e f f i c i e n t  
c )  Upper curve is for extreme concentration dependent F i c k i s n  diffusion 
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PIgurc 3. So lvent  uptake for a alurry o f  ~ l a k - s h a p d  p a r t i c l e .  

a )  Louer'curvc is f o r  con i tant  dlffuniom c o e f f i c i e n t  (ronccotration i n d e p n d m t )  

b) Uppr curve 1. for  cxtremc cooccotra t ion  d e p a d s n t  Flekim d l f fu8 ion  

'1 

Figure 4 .  Solvent  uptake for a slurry o f  spher ica l  par t i c l e .  

a)  

b) 

Loucr curve l a  for  constant d l f fua ion  c o e f f i c i e n t  (CmCestratlOn Independcot) 

Upper curve 1s for  extreme concentration dependent Pickian d i f f u e i m  



Figure 5. Solvent uptake f o r  a s i n g l e  alab-shaped p a r t i c l e  
a )  
b) 
c )  

Curve 1 is for  constant d i f f u s i o n  c c e f f i c i e n t  (concentrat ion independent) 
Curve 2 is for  extreme concentration dependent Fickian d i f f u s i o n  
Curve 3 i s  for  Case I1 d i f f u s i o n  (constant v e l w i t y )  
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Figure 6 .  Solvent uptake for B s l u r r y  of slab-shaped p a r t i c l e s  
8 )  

b) 
c )  Curve 3 i s  for Case 11 d i f f u s i o n  (constant v e l o c i t y )  

Curve 1 i s  for Constant d i f f u s i o n  c o e f f i c i e n t  (concentrat ion independent) 
Curve 2 i s  for extreme concentration dependent Fiehien d i f f u e i o n  
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Figure 7. Solvent uptake for (I s i n g l e  spher ica l  p a r t i c l e  
a) 
b) 
c )  

Curve 1 is for  constant d i f f u s i o n  c o e f f l e l e n t  (concentration independent) 
Curve 2 1s for  extreme concentration dependent P i c k i a n  d i f f u s l o n  
Curve 3 is for  Case I1 d i f f u s i o n  (conatant v e l o c i t y )  

Figure 8. Solvent uptake for  (I slurry o f  spherical p a r t i c l e s  
a )  
b) 
c )  

Curve 1 l e  for  constant d i f f u s i o n  c a f f l e i e n t  (mncentration independent) 
Curve 7 1 s  for  extreme concentration dependent Ficklan d i f f u s i o n  
Curve 3 is for  Case I1 d i f f u s i o n  (conatant v e l o c i t y )  
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INTRODUCTION 

The ob jec t i ves  o f  t h i s  study are t o  advance our understanding o f  how 
l i q u i d s  penetrate through the m ic ros t ruc tu re  of coals and t o  use d i f f u s i o n  t o  probe 
t h e  macromolecular and m ic ros t ruc tu re  o f  coals. D i f f u s i o n  of l i q u i d s  and o f  so l i ds  
d isso lved i n  l i q u i d s  i s  o f  cons iderable importance i n  many areas o f  coal  technology 
and science. 
i n t o  coal ;  i n  p a r t i c u l a r ,  t h i s  i s  the case for  many s lur ry-based l i q u e f i c a t i o n  
processes. 
i nves t i ga ted  which r e l y  on d i f f u s i o n  o f  reagents i n t o  the coal t o  modify i t s  
s t r u c t u r e  o r  t o  remove undesired mineral o r  organic components. S i m i l a r l y ,  many 
chemical pretreatments of coals  depend on d i f f us ion  f o r  t h e  reagents t o  reach t h e  
reac t i ve  s i t e s  i n  the  coal. Mass t r a n s f e r  i s  c r u c i a l  t o  many fundamental chemical 
i nves t i ga t i ons  o f  coal s t r u c t u r e  which u t i l i z e  wet chemical techniques s i n c e  
reagents must d i f f u s e  t o  r e a c t i v e  s i t e s  w i t h i n  the s t ruc tu re .  From a fundamental 
viewpoint a b e t t e r  understanding o f  d i f f u s i o n  i n  coal w i l l  advance our o v e r a l l  
comprehension o f  t he  under l y ing  macromolecular s t r u c t u r e  and m ic ros t ruc tu re  of 

Many coal l i q u e f a c t i o n  processes i nvo l ve  the  pene t ra t i on  o f  a l i q u i d  

There are a number o f  coal bene f i c ia t i on  processes a c t i v e l y  be ing 

coals .  

fragments from the coal s t r u c t u r e  are other  d i f f u s i o n a l  processes i n  coal which are 
o f  substant ia l  technologica l  importance. For example, they occur i n  most conversion 
processes. I n  l i que fac t i on ,  l i q u i d s  o r  gases produced w i t h i n  the  coal o r  molecular 
fragments of the coal d isso lved i n  the l i q u i d s  must escape from w i t h i n  t h e  coal 
p a r t i c l e s .  I n  g a s i f i c a t i o n  molecular fragments from the  degraded coal s t r u c t u r e  
must d i f fuse t o  the sur face of t he  p a r t i c l e  before they can evaporate i n t o  the  
surrounding gas. 

b e t t e r  understand d i f f u s i o n  phenomenon. 
swe l l i ng  agents i n t o  a h igh  v o l a t i l e  bituminous coal. Since t h e  d i f f u s i n g  swe l l i ng  
agents g rea t l y  enhance the  m o b i l i t y  o f  t he  macromolecular chain segments w i t h i n  the  
coal, t h i s  system i s  p a r t i c u l a r l y  we l l  su i ted  for  probing macromolecular aspects o f  
the coal s t ruc tu re .  

The d i f f u s i o n  of l i q u i d s  i n  ma te r ia l s  i s  commonly s tud ied by f l u i d  uptake 
and/or desorpt ion as a func t i on  o f  t ime. For simple o r  well-behaved m a t e r i a l s  t h i s  
approach i s  e f f e c t i v e ,  but f o r  coal which i s  h i g h l y  heterogeneous va ry ing  markedly 
from sample t o  sample and from micro-reg ion t o  micro-reg ion w i t h i n  each sample, t h i s  
approach can g ive only  averaged and incomplete in format ion.  
w i t h  polymers i s  t o  cha rac te r i ze  d i f f u s i o n  by observ ing the movement o f  co lo red  
solvents, l i q u i d s  co lored w i t h  dyes, o r  index o f  r e f r a c t i o n  gradients  i n  the  
ma te r ia l .  These methods have not  been successfu l ly  appl ied t o  coals  because of  t he  
h igh opaci ty  o f  coals and the d i f f i c u l t y  i n  f a b r i c a t i n g  s a t i s f a c t o r y  samples. 

observations o f  d i f f u s i o n  i n  coals. The techniques invo lved f i r s t  producing 
uncontaminated t h i n  sec t i on  specimens o f  coals us ing methods developed i n  our 

sh ie ld ing  the top and bottom surfaces from the penetrant and exposing the  edge o f  
t h e  t h i n  sec t i on  t o  t h e  se lected so lvent .  This technique enables one t o  f o l l o w  the 
k i n e t i c s  o f  the d i f f u s i o n  i n  d e t a i l  under the microscope i n  t ransmi t ted  l i g h t  as the  
so lvent  penetrates the coal. I n  t h i s  manner t h e  maceral composition, minera l  
matter, and other  aspects o f  t he  m ic ros t ruc tu re  are observed d i r e c t l y  d u r i n g  the  
d i f f u s i o n  process. and the  heterogenei ty  of t he  coal can be accounted f o r  

The escape o f  reac t i on  products, mobile coal molecules, o r  molecular  

I n  t h i s  study we focus on a reasonably wel l -def ined system i n  order  t o  
We i n v e s t i g a t e  the  d i f f u s i o n  o f  good l i q u i d  

A technique u t i l i z e d  

I n  t h i s  study we repo r t  the f i r s t  successful " i n  s i t u "  microscopic  

I laboratory .  Then specia l  procedures were developed f o r  secur ing the  specimen, 
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e x p l i c i t y .  
coals  s ince f o r  adequate eva lua t i on  i t  i s  necessary t o  be able t o  measure the  
progress of t h e  so l ven t  i n t o  each o f  t h e  micro-components which are being penetrated 
w i t h i n  the coal .  

EXPERIMENTAL 

This i s  c r u c i a l  t o  the  understanding o f  t h e  d i f f u s i o n  phenomenon i n  

The coal used i n  these s tud ies was I l l i n o i s  No. 6 from the  Monterey No. 1 
mine which i s  o f  h igh  v o l a t i l e  C bituminous rank. Because coal i s  so h i g h l y  
absorbing i n  t h e  v i s i b l e  reg ion o f  t h e  spectrum, transmi.t ted l i g h t  o p t i c a l  
microscopy can only be done w i t h  very t h i n  specimens. 
f r a g i l e  ma te r ia l  i n  th in  pieces and i t  r e a d i l y  breaks i n t o  smal l  fragments. 
t h i s  reason specia l  techniques must be used t o  prepare the t h i n  sec t i on  specimens. 
To avoid f ragmentat ion o f  t he  t h i n  s l i v e r s  o f  coal, t h e  specimens are normally 
embedded i n  an adhesive cement such as an epoxy adhesive. However, t he  d i f f u s i o n a l  
c h a r a c t e r i s t i c s  o f  such embedded specimens are a f f e c t e d  by the  adhesives, so they 
are not s a t i s f a c t o r y  f o r  d i f f u s i o n  s tud ies.  Canada Balsam has been used by many 
i n v e s t i g a t o r s  as a secu r ing  agent fo r  t h e  coal. It can be most ly  removed, but  i t  
leaves behind res idues which are undesirable contaminants i n  the  coal and may a f f e c t  
d i f f u s i o n  i n  unp red ic tab le  ways. 
t he  samples f o r  t h i s  study u t i l i z e d  an adhesive which i s  completely so lub le.  The 
adhesive i s  a paraf f in-based embedding wax (1). It i s  so lub le i n  hexane which has a 
minimal e f f e c t  on the  coal .  This sample preparat ion procedure has been described 
prev ious ly  (2) and w i l l  not be described f u r t h e r  here. The samples were cut  
perpendicu lar  t o  the bedding plane. 
t h i c k  and roughly  0.5 mn across. 

atmospheric pressure. 
py r i  d i  ne. 

simply be immersed i n  t h e  so lvent .  I f the  whole sur face o f  t he  sample were exposed 
t o  the  solvent, then pene t ra t i on  would occur from a l l  sides and the specimen would 
be r a p i d l y  penetrated i n  i t s  t h i n  d i r e c t i o n  from so lven t  coming through the top  and 
bottom. The k i n e t i c s  o f  t h i s  process would be d i f f i c u l t  t o  i n t e r p r e t  and even m r e  
d i f f i c u l t  t o  quan t i f y .  
pene t ra t i ng  through t h e  top  o r  bottom o f  the t h i n  sec t i on  and t o  a l l ow  it t o  
penetrate on ly  from one edge. Unfor tunate ly ,  because o f  the t i n y  s i z e  and d e l i c a t e  
character  o f  the specimens one can not  simply d i p  one edge o f  t he  sample i n  the  
so l  vent. 

Two d i f f e r e n t  techniques f o r  ho ld ing  t h e  t h i n  sec t i on  samples and exposing 
them t o  the pene t ra t i ng  l i q u i d  were developed. 
advantages and disadvantages depending on the  p a r t i c u l a r  t ype  o f  i n fo rma t ion  which 
most i n t e r e s t s  the i n v e s t i g a t o r .  I n  the  "grease-immersion" technique the  so lvent  i s  
prevented from c o n t a c t i n g  most o f  the top and bottom surfaces o f  the t h i n  sec t i on  by 
coat ing most o f  these surfaces w i t h  a grease. The grease must i t s e l f  be an adequate 
b a r r i e r  t o  t h e  so lvent .  Some o f  the ma te r ia l s  which were found usable were 
f l uo r ina ted  greases (3) and a low molecular weight uncross l inked b u t y l  rubber (4) .  
A small area o f  the t o p  and bottom surfaces i s  l e f t  uncoated t o  avoid g e t t i n g  grease 
on the edge. The t h i n  sec t i on  i s  then placed between two glass s l i des .  A schematic 
diagram of t h e  grease-immersion setup i s  shown i n  Figure 1. 
experiment a drop o f  l i q u i d  so lvent  i s  placed i n  contact  w i t h  the  uncoated edge of 
t h e  t h i n  sect ion.  The l i q u i d  then penetrates through one edge and propagates i n t o  
the t h i n  sec t i on  o f  coa l  p a r a l l e l  t o  the  surface. 

I n  the  weighted coverglass method the  t h i n  sec t i on  o f  coal i s  sandwiched 
between a 1 mn t h i c k  g lass  s l i d e  on the  bottom and a No. 1-1/2 glass c o v e r s l i p  on 
top. 
the coal and the  g lass surfaces i s  insured. 
so lvent  would very r a p i d l y  wick along t h e  glass surfaces and thereby qu ick l y  
Penetrate t h e  coal from the  t o p  and bottom surfaces, t h i s  d i d  no t  tend t o  occur i n  
Practice. Apparently, where t h e  so lvent  does penetrate i n  between t h e  glass and the 

Unfor tunate ly ,  coal i s  a 
For 

The sample preparat ion procedure used t o  prepare 

The t h i n  sect ions were about 15 micrometers 

A l l  o f  the experiments described i n  t h i s  paper were a t  room temperature and 
The d i f f u s i n g  l i q u i d  used i n  t h i s  study was reagent grade 

Once s a t i s f a c t o r y  t h i n  sec t i on  specimens have been prepared they cannot 

Rather, i t  i s  des i rab le  t o  prevent t h e  so lvent  from 

Each o f  the techniques has 

A t  the s t a r t  o f  t he  

Weights are pu t  along t h e  edges o f  the covership so t h a t  good contact  between 
While i t  might be thought t h a t  t he  

a4 
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t op  o r  bottom of t he  t h i n  sect ion,  t he  coal swells. 
UP the channels where the  so lvent  was pene t ra t i ng  -- r i g h t  where the  p lug  was 
needed. 
i t  transformed the surface coal ma te r ia l  i n t o  a rubbery s tate.  
coal acted as a gasket prevent ing any appreciable f u r t h e r  pene t ra t i on  by t h e  
so l  vent. 

During a d i f f u s i o n  experiment the so lvent  can not  be d i r e c t l y  observed 
w i t h i n  the coal because i t  i s  t ransparent .  Rather, t h e  swe l l i ng  caused by 
i m b i b i t i o n  of  the so lvent  renders the d i f f u s i o n  observable. When the  so lvent  swel ls  
the coal i t  appears t o  be a l i g h t e r  co lo r .  This l i g h t e r  co lo r  occurs p r i m a r i l y  
because f o r  t h e  swollen coal t he re  i s  l ess  ma te r ia l  per  u n i t  c ross sec t i ona l  area o f  
the coal i n  the  path o f  t he  l i g h t  passing through the  sample. There may a l so  be an 
e f f e c t  caused by the change i n  index o f  r e f r a c t i o n  o f  t he  pore space as it becomes 
f i l l e d  w i t h  f l u i d ,  but t h i s  e f f e c t  i s  f a r  less than from swe l l i ng  f o r  the p y r i d i n e -  
I l l i n o i s  No. 6 coal system. 

i n t o  contact w i t h  the edge o f  the coal t h i n  sec t i on  which was p roper l y  set-up as 
described i n  the  previous sect ion.  
sample was observed on the  microscope stage i n  t ransmi t ted  l i g h t .  
photomicrographs were taken and the  t ime was noted i n  order  t o  record the k i n e t i c s  
o f  the process. 
t h e  experiment. 

This swe l l i ng  e f f e c t i v e l y  plugs 

The rubbery surface- 
Add i t i ona l l y ,  where t h e  so lvent  penetrated a long the surface o f  t h e  coal. 

An " i n  s i t u "  d i f f u s i o n  experiment was s t a r t e d  by b r i n g i n g  a drop o f  so lvent  

The t ime o f  l i q u i d  contact  was recorded and the  
P e r i o d i c a l l y  

The l i q u i d  was kept i n  contact  w i t h  the  edge o f  t he  coal throughout 

RESULTS AND DISCUSSION 

D i f f u s i o n  o f  Pyr id ine i n  r e l a t i v e l y  homogeneous v i t r i n i t e  

I 

A t h i n  sec t i on  sample o f  I l l i n o i s  No. 6 coal cons i s t i ng  o f  r e l a t i v e l y  
homogeneous v i t r i n i t e  was used f o r  a d i f f u s i o n  experiment. The sample was placed i n  
t h e  grease-immersion setup. L i q u i d  p y r i d i n e  was brought i n t o  contact  w i t h  the  
exposed edge o f  the sample. The t h i n  sect ion was then observed i n  the microscope as 
t h e  l i q u i d  penetrated i n t o  the  edge o f  the sample and d i f f u s e d  i n t o  t h e  coal 
p a r a l l e l  t o  the  sur face o f  the t h i n  sec t i on .  
minutes exposure t o  t h e  p y r i d i n e .  The c i r c l e  o f  l i g h t  on the  sample i s  caused by 
the f i e l d  diaphram o f  the microscope which i s  p a r t i a l l y  closed t o  keep l i g h t  from 
passing around the sides o f  t he  sample. I l l u m i n a t o r  l i g h t  which does not pass 
through the coal i s  very b r i g h t  and the  haze caused by i t  tends t o  obscure the more 
d imly  i l l um ina ted  s t r u c t u r a l  features o f  the coal. I n  Figure 2 a very abrupt change 
i n  co lo ra t i on  at  the d i f f u s i o n  f r o n t  i s  ev ident .  Just  ahead o f  t he  d i f f u s i o n  f r o n t  
t he  coal i s  t h e  dark red c o l o r  o f  the unchanged coal whereas j u s t  behind t h e  f r o n t  
the coal i s  a much l i g h t e r  orange-yellow co lo r .  This sharp d i f f u s i o n  f r o n t  having 
an abrupt change i n  penetrant concentrat ion demonstrates tha t  the d i f f u s i o n  o f  the 
l i q u i d  i n  the coal i s  h i g h l y  concentrat ion dependent. 
dependence i s  c h a r a c t e r i s t i c  o f  many macromolecular mater ia ls ,  e s p e c i a l l y  i n  cases 
where the i m b i b i t i o n  o f  the l i q u i d  transforms the macromolecular substance from a 
g lassy mater ia l  t o  a rubbery o r  viscous s t a t e  and/or where t h e  so lvent  swe l l s  t he  
sample. I n  the  coal behind the  d i f f u s i o n  f r o n t  where the  so lvent  has a l ready 
penetrated t o  an apprec iab le concentrat ion the re  i s  r e l a t i v e l y  l i t t l e  change i n  the  
co lo r  o f  the coal. 
o r  t h e  concentrat ion o f  imbibed so lvent ,  i t  i s  seen t h a t  t he re  i s  r e l a t i v e l y  l i t t l e  
change i n  the concentrat ion o f  t he  so lvent  i n  the coal behind the d i f f u s i o n  f r o n t .  

There are several p a r t i c u l a r  modes o f  d i f f u s i o n  which could cause the  very 
abrupt change i n  so lvent  concentrat ion a t  the d i f f u s i o n  f r o n t  along w i t h  the  small 
change i n  solvent concentrat ion behind the  f ron t .  For example, a system where some 
of t he  penetrant can react  w i t h  the m a t r i x  and the  reac t i on  i s  f a s t e r  than t h e  
d i f fus ion,  can e x h i b i t  a r e l a t i v e l y  sharp f r o n t .  Also, a r e l a t i v e l y  sharp f r o n t  
w i l l  r e s u l t  from a F ick ian d i f f u s i o n  c o e f f i c i e n t  which i s  small a t  low 
concentrat ions of penetrant, but which ab rup t l y  jumps up t o  a much l a r g e r  value a t  
some concentrat ion. 

Figure 2 shows the  sample a f t e r  50 

A s t rong concen t ra t i on  

Since the co lo r  o f  the coal i s  r e l a t e d  t o  i t s  degree o f  swe l l i ng  

as 



We had demonstrated p rev ious l y  ( 5 )  t h a t  s w e l l i n g  o f  t h i s  coal w i t h  py r id ine  
depresses the glass t r a n s i t i o n  temperature o f  the coal below room temperature and 
transforms it i n t o  a rubbery s t a t e .  For polymers, when a l i q u i d  p l a s t i c i z e s  i t  t o  
above i t s  glass t r a n s i t i o n ,  t he  d i f f u s i o n  i s  sometimes o f  Case I 1  type ( 6 ) .  Case I 1  
i s  t he  name given t o  d i f f u s i o n  which has the f o l l o w i n g  c h a r a c t e r i s t i c s  ( 7 ) .  There 
i s  a very sharp d i f f u s i o n  f r o n t .  The d i f f u s i o n  f r o n t  propagates i n t o  the ma te r ia l  
a t  constant v e l o c i t y .  
o f  the penetrant i n  t h e  reg ion behind the  d i f f u s i o n  f r o n t .  We have shown tha t  t he  
d i f f u s i o n  of  p y r i d i n e  i n t o  v i t r i n i t e  i n  I l l i n o i s  No. 6 coal  has the f i r s t  and l a s t  
o f  these c h a r a c t e r i s t i c s .  The v e l o c i t y  o f  movement o f  t he  d i f f u s i o n  f r o n t  w i l l  be 
discussed l a t e r .  

The d i f f u s i o n  f r o n t  i n  Figure 2 has subs tan t i a l  curvature and i s  somewhat 
i r r e g u l a r .  The cu rva tu re  may be caused by the e x t e r i o r  geometry o f  the sample 
and/or t h e  shape o f  t h e  reg ion where t h e  l i q u i d  p y r i d i n e  contacts  the coal .  
i r r e g u l a r i t y  o f  t he  d i f f u s i o n  f r o n t  i s  caused by the  micro-heterogenei ty  of t he  
v i t r i n i t e  -- even though i t  appeared r e l a t i v e l y  homogeneous under the microscope. 

Large reg ions o f  va r iab le  c o l o r a t i o n  are seen t r a i l i n g  behind the  d i f f u s i o n  
f r o n t  i n  Figure 2. The p a t t e r n  o f  the c o l o r a t i o n  suggests t h a t  i t  i s  caused by 
s t r a i n s  i n  these f l e x i b l e  regions of  t he  sample behind the d i f f u s i o n  f r o n t  which are 
r e s t r i c t i n g  so lvent  uptake. Such s t r a i n s  might be caused by stresses r e s u l t i n g  from 
t h e  swel l ing,  which i s  h i g h l y  an i so t rop i c  i n  the v i c i n i t y  o f  the d i f f u s i o n  f r o n t .  
S t ra ins  could a l s o  have been caused by deformation of  t he  coal a t  some e a r l i e r  stage 
i n  i t s  evo lu t i on .  Another p o s s i b i l i t y  i s  t h a t  t h i s  c o l o r a t i o n  comes from regions 
hav ing va r iab le  composi t ion which r e s u l t s  i n  a va r iab le  r a t e  o f  swel l ing.  However, 
t h e  r e l a t i o n s h i p  between these regions o f  va r iab le  co lo r  and the  p o s i t i o n  of the 
d i f f u s i o n  f r o n t  makes i t  most l i k e l y  t h a t  t h i s  behavior i s  a d i r e c t  consequence of 
t h e  d i f f u s i o n  and/or t he  r e s u l t a n t  swel l ing.  

There are b i t s  o f  unswollen v i t r i n i t e  j u s t  behind the f r o n t .  There i s  a prominent 
" f i n g e r "  o f  v i t r i n i t e  which has not  y e t  been swollen by t h e  py r id ine ;  however, there 
are some channels o f  swol len ma te r ia l  i n  i t  which have been penetrated by the 
py r id ine .  This f i n g e r  o f  v i t r i n i t e  c l e a r l y  must be apprec iab ly  d i f f e r e n t  from the 
surrounding v i t r i n i t e .  

Figure 3 shows t h e  sample a f t e r  78 minutes exposure t o  the  py r id ine .  The 
shape of  the d i f f u s i o n  f r o n t  has changed considerably .  It i s  seen t h a t  t he  f i n g e r  
o f  Figure 2 has been completely penetrated by the p y r i d i n e  and i s  now 
i n d i s t i n g u i s h a b l e  from the  surrounding v i t r i n i t e .  It i s  a l so  seen t h a t  t he  small 
b i t s  o f  unpenetrated v i t r i n i t e  behind the  f r o n t  i n  Figure 2 have been penetrated and 
swollen. It was observed t h a t  when these small regions begin t o  change t o  a l i g h t e r  
c o l o r  i n  one pa r t  they then tend t o  change r e l a t i v e l y  q u i c k l y  t o  the  l i g h t e r  co lo r  
o v e r a l l .  It appears as i f  the re  i s  some s o r t  o f  b a r r i e r  t o  the  so lvent  surrounding 
these small regions, perhaps a membrane o r  coating. Then, once the  b a r r i e r  becomes 
penetrated by the so l ven t  the whole i n s i d e  i s  r e l a t i v e l y  r a p i d l y  penetrated. It i s  
c l e a r  from these photographs t h a t  the "homogeneous-appearing'' v i t r i n i t e  i s  f a r  from 
homogeneous, but r a t h e r  the re  i s  considerable v a r i a t i o n  from region t o  reg ion w i t h i n  
it. 

experiment i s  t h a t  t r a n s f e r  o f  solvent e i t h e r  i n t o  or out o f  the top  or  bottom 
surfaces of t he  t h i n  s e c t i o n  may occur v ia  the grease. The greases u t i l i z e d  were 
se lected t o  minimize t h i s  e f f e c t .  In add i t i on ,  du r ing  the " i n  s i t u "  experiment the  
sample was c a r e f u l l y  moni tored for evidence o f  apprec iab le solvent t r a n s f e r  through 
the  grease. For example, appreciable d i r e c t  t r a n s f e r  o f  so lvent  from the  l i q u i d  
resevo i r  through the  grease t o  the  coal would be expected t o  produce t h i n  so lvent-  
swollen regions along t h e  edges o f  the sample, or  a t  l e a s t  t o  pe r tu rb  the  so lvent  
concentrat ion a t  t h e  j u n c t i o n  o f  t he  d i f f u s i o n  f r o n t  w i t h  the edge o f  t he  sample. 
No evidence of e i t h e r  o f  these e f f e c t s  was observed. However, an est imate of the 
magnitude of l oss  o r  ga in  o f  so lvent  through the  grease would be des i rab le  t o  
r e l i a b l y  evaluate i t s  e f f e c t  on the k i n e t i c s  o f  t h e  d i f f us ion  process. 

l i g h t  between crossed p o l a r i z e r s ,  a t h i n ,  orange-colored l i n e  stood out against  t he  

And, the re  i s  extremely small v a r i a t i o n  i n  the concentrat ion 

The 

The d i f f u s i o n  f r o n t  i s  somewhat ragged, but  i t  i s  not gross ly  i r r e g u l a r .  

A p o t e n t i a l  d i f f i c u l t y  w i t h  the  grease-immersion technique used i n  t h i s  

When the  sample was observed through the o p t i c a l  microscope i n  t ransmi t ted  
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darkened t h i n  section. With time, t h i s  t h i n  l i n e  moved f u r t h e r  i n t o  the  sample. 
When the p o l a r i z e r s  were removed, it was seen t h a t  t he  t h i n  orange l i n e  corresponded 
t o  the  p o s i t i o n  o f  t he  d i f f u s i o n  f r o n t ;  t h a t  i s ,  it occurred a t  t he  p o s i t i o n  where 
the c o l o r  of the coal changed from the  dark red co lo r  o f  the unswollen coal t o  the  
l i g h t  orange co lo r  o f  t he  expanded coal. The t h i n  orange-colored l i n e  which i s  
observed between crossed po la r i ze rs  a t  t he  p o s i t i o n  o f  t he  d i f f u s i o n  f r o n t  i s  
apparent ly  caused by the  o r i e n t a t i o n  o f  t he  coal s t r u c t u r e  i n  t h i s  region. The 
expanding coal behind the d i f f u s i o n  f r o n t  i s  const ra ined by the unswollen coal ahead 
of the d i f f u s i o n  f r o n t .  
macromolecular network i n  t h i s  region. 
chains cause a s i g n i f i c a n t  d i f f e rence  i n  the index o f  r e f r a c t i o n  p a r a l l e l  and 
perpendicu lar  t o  the  d i r e c t i o n  o f  o r i e n t a t i o n .  This causes a r o t a t i o n  i n  t h e  
d i r e c t i o n  o f  p o l a r i z a t i o n  o f  l i g h t  passing through the specimen. The r e s u l t  i s  t h a t  
some l i g h t  passes through the  second o f  the crossed p o l a r i z e r s .  
behind the  d i f f u s i o n  f r o n t  t he re  i s  enough f l e x i b i l i t y  t h a t  t he  macromolecular 
o r i e n t a t i o n  i s  diminished and the orange l i n e  i s  no longer  seen. 
t h e  s t r u c t u r e  i n  the  reg ion o f  t he  d i f f u s i o n  f r o n t  and the  r e l a x a t i o n  o f  t he  
o r i e n t a t i o n  behind the f r o n t  are f u r t h e r  evidence f o r  the macromolecular nature o f  
t h e  coal and the  t r a n s i t i o n  o f  t he  coal from a r i g i d  t o  a rubbery ma te r ia l .  

D i f f u s i o n  o f  p y r i d i n e  i n  coal having a heterogeneous s t r i a t e d  s t r u c t u r e  

s t r u c t u r e  was used i n  a d i f f u s i o n  experiment. The sample was about 15 micrometers 
t h i c k  and, as i n  the  o the r  samples, i t s  sur face was perpendicu lar  t o  the bedding 
plane. Figure 4 shows the sample a f t e r  i t s  edge has been i n  contact  w i t h  l i q u i d  
py r id ine  f o r  4 minutes. The dark gray ma te r ia l  seen i n  the  photomicrograph i s  t h e  
v i t r i n i t e  o r  wood-derived component o f  t h e  coal. I n  t h i s  sample i t  i s  seen t o  occur 
as strands which are approximately p a r a l l e l  t o  the bedding plane. The bedding p lane 
i s  seen edge-on i n  the photograph. The l i g h t e r  b i t s  o f  ma te r ia l  are the l i p t i n i t e  
which i s  the more hydrocarbon-rich waxy component. This component i s  de r i ved  from 
non-woody pa r t s  o f  p lan ts  such as spores, po l len,  and stem and l e a f  coat ings.  

seen i n  t h e  homogeneous v i t r i n i t e  sample of Figure 2. The f r o n t  here, though, i s  
more ragged because o f  t he  d i f f e r e n t  macerals present i n  the sample. It i s  a l s o  
seen t h a t  some of  the v i t r i n i t e  strands behind the d i f f u s i o n  f r o n t  are f a r  more 
da rk l y  colored than the  other  v i t r i n i t e  behind the f r o n t .  Apparently these 
p a r t i c u l a r  v i t r i n i t e  macerals are more s lowly  penetrated by the  py r id ine .  
though, these macerals are penetrated and swollen and become l i gh t - co lo red .  

Figure 5 shows the  sample a f t e r  52 minutes exposure t o  py r id ine .  
the coal specimen i n  Figure 5 i s  q u i t e  heterogeneous, the d i f f u s i o n  f r o n t  i s  not f a r  
from being s t r a i g h t .  There are, however, a number o f  small fragments of  v i t r i n i t e  
behind the f r o n t  which appear t o  be very s l i g h t l y ,  i f  a t  a l l ,  penetrated by t h e  
py r id ine .  These b i t s  o f  v i t r i n i t e  may have a coa t ing  o r  membrane surrounding them 
which retards pene t ra t i on  by the py r id ine ,  o r  t h i s  ma te r ia l  may have a l e s s  
permeable s t ruc tu re  which the  p y r i d i n e  penetrates more s lowly .  However, w i t h  t ime 
almost a l l  o f  these darker fragments behind t h e  d i f f u s i o n  f r o n t  are swol len and 
become l i gh t - co lo red .  It i s  a l so  ev ident  from comparing Figures 4 and 5 t h a t  t he re  
has been subs tan t i a l  swe l l i ng  i n  the p y r i d i n e  of t h e  l a r g e  l i p t i n i t e  maceral i n  t h e  
l e f t  center  o f  the photomicrograph. 

This can be expected t o  s t r e t c h  and a l i g n  the  
Such p a r t i a l l y  o r i en ted  macromolecular 

A shor t  d i s tance  

The o r i e n t a t i o n  o f  

A t h i n  sec t i on  o f  I l l i n o i s  No. 6 coal having a heterogeneous s t r i a t e d  

A sharp d i f f u s i o n  f r o n t  i s  seen i n  Figure 4. The f r o n t  i s  s i m i l a r  t o  t h a t  

I n  time, 

Although 

Di f fus ion rates p a r a l l e l  and perpendicu lar  t o  the  bedding plane 

In  order t o  compare the d i f f u s i o n  ra tes  o f  the so lvent  p a r a l l e l  and 
perpendicu lar  t o  the  bedding plane o f  t he  coal a l l  f ou r  edges o f  a t h i n  sec t i on  were 
simultaneously exposed t o  the  py r id ine .  I t s  
surface was perpendicu lar  t o  the  bedding plane; t he  bands o f  ma te r ia l  ran p a r a l l e l  
t o  the bedding plane and the d i r e c t i o n  perpendicu lar  t o  the  bands was perpendicu lar  
t o  the  bedding plane. Figure 6 shows t h i s  t h i n  sec t i on  a f t e r  15 minutes i n  contact  

This sample had a s t r i a t e d  s t r u c t u r e .  
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w i t h  the  l i q u i d  p y r i d i n e .  
the d i r e c t i o n s  p a r a l l e l  and perpendicu lar  t o  the bedding plane are comparable. 

i n  coals i s  much f a s t e r  p a r a l l e l  t o  the bedding p lane than perpendicu lar  (8,9). 
impor tant  d i f f e r e n c e  between these p r i o r  i n v e s t i g a t i o n s  and our cu r ren t  s tud ies i s  
t h a t  we are observing p r i m a r i l y  in t ra-macera l  d i f f u s i o n  whereas e a r l i e r  work was 
more effected by l a r g e r  scale d i f f u s i o n .  
f o r  r a p i d  pene t ra t i on  o f  t he  coal s t r u c t u r e  inc luded in termacera l  i n t e r f a c e s ,  
cracks, holes, and reg ions con ta in ing  minera l  mat ter  accumulations. 
i r r e g u l a r  regions w i t h i n  the coal tend t o  extend along the bedding plane. 
Therefore, on a l a r g e  sca le  f a s t e r  d i f f u s i o n  can be expected p a r a l l e l  t o  the  bedding 
plane. Our s tud ies however, are more concerned w i t h  t h e  f i n e r  s t ruc tu res  o f  t h e  
coal .  We have focused on the d i f f u s i o n a l  behavior w i t h i n  i n d i v i d u a l  v i t r i n i t e  
macerals w i t h i n  the coal .  Wi th in  the  i n d i v i d u a l  macerals o r  f o r  groups o f  macerals 
which are i n  i n t i m a t e  contact  w i t h  each other  and which do not contain subs tan t i a l  
i r r e g u l a r  regions, t he  d i f f u s i o n  rates p a r a l l e l  and perpendicu lar  t o  the bedding 
p lane are comparable. 

Se l f - sea l i ng  i n  coal undergoing so l ven t -swe l l i ng  

A t h i n  s e c t i o n  sample o f  v i t r i n i t e  was exposed t o  py r id ine  us ing  the  
weighted coverglass method. I n  Figure 7, the sample i s  shown a f t e r  60 seconds 
contact  w i t h  the  p y r i d i n e .  
and so lvent  swe l l i ng  a long the edges o f  t he  l a r g e  crack i n  the sample as wel l  as 
a long the  edges o f  t h e  sample. The sample i s  shown i n  Figure 8 a f t e r  100 seconds 
exposure t o  the p y r i d i n e .  Note t h a t  t he  l a rge  crack has f u l l y  closed. A l s o ,  
whereas the  d i f f u s i o n  f r o n t  has moved s u b s t a n t i a l l y  i n  from the  outer  edges o f  the 
sample there has been r e l a t i v e l y  l i t t l e  movement o f  the d i f f u s i o n  f r o n t  along the 
edges o f  what was the  l a r g e  crack. Figure 9 shows the sample a f t e r  a t o t a l  o f  210 
seconds exposure t o  the  py r id ine .  There has been considerate add i t i ona l  movement of 
t he  d i f f u s i o n  f r o n t  i n t o  the  coal from the edges. However, along what was the  large 
crack the re  has been l i t t l e  change i n  the  coa l .  

du r ing  the d i f f u s i o n  o f  good swe l l i ng  so lvents  i n t o  coals. The swe l l i ng  o f  the coal 
may s e a l - o f f  cracks and holes i n  the  coal and thereby s top or d imin ish penetrat ion 
of  t he  so lvent  through these routes.  Although such routes may c o n s t i t u t e  a very 
small volume o f  the coal ,  i f  they were not sealed by t h e  swe l l i ng  they can be major 
routes f o r  uptake o f  t h e  so l ven t .  For example, our p r i o r  work on d i f f u s i o n  o f  
oxygen i n t o  coals  ( 9 )  has shown t h a t  t h e  cracks and holes prov ide paths f o r  r a p i d  
pene t ra t i on  of oxygen i n t o  the i n t e r i o r  o f  t he  coal. 

The s e l f - s e a l i n g  e f f e c t  may a l so  have impor tant  consequences on the  sub- 
microscopic scale. Pores w i t h i n  the coal ,  o r  in ter -macera l  i n te r faces  i n  the coal 
which have p rev ious l y  been shown can be routes f o r  r a p i d  pene t ra t i on  by f l u i d s  (9 )  
may be sealed by s w e l l i n g  i f  t h e  so lvent  s t a r t s  t o  penetrate them. 
hand, po ros i t y  w i t h i n  minera l  mat ter  accumulations i s  l ess  l i k e l y  t o  be plugged by 
swe l l i ng  (unless the re  i s  a subs tan t i a l  concentrat ion o f  swel lab le organic  mat ter  
w i t h i n  the  reg ion o f  minera l  mat ter .  Note, however, t h a t  the sea l i ng  mechanism i s  
on ly  expected t o  be operable i n  l o c a l i z e d  regions which swell i n  advance of 
surrounding mater ia ls .  I f a l l  o f  a reg ion swel ls  i s o t r o p i c a l l y ,  then cracks and 
holes i n  the reg ion w i l l  a l so  swell  and sea l i ng  w i l l  no t  occur. It should be kept 
i n  mind, however, t h a t  t h e  converse o f  se l f - sea l i ng  f requen t l y  occurs; t h a t  i s ,  
stresses produced d u r i n g  so lvent  swe l l i ng  o f t e n  produce cracks i n  coal p a r t i c l e s  

It i s  seen t h a t  t he  pene t ra t i on  rates o f  t he  p y r i d i n e  i n  

Some i n v e s t i g a t o r s  have repor ted t h a t  the d i f f u s i o n  ra tes  o f  var ious f l u i d s  
An 

We showed e a r l i e r  ( 9 )  t h a t  major routes 

These types o f  

Note t h e  l i gh tened  areas i n d i c a t i n g  so lvent  penetrat ion 

These observat ions i l l u s t r a t e  one impor tant  mechanism which can occur 

On the other  

(10). 

K i n e t i c s  of D i f f us ion  and Re-d i f f us ion  

The movement of d i f f u s i o n  f r o n t s  as they penetrated i n t o  t h i n  sec t i on  
specimens was q u a n t i f i e d  f o r  several samples. For each sample the r a t e  of 
Propagation of the d i f f u s i o n  f ron t  i n t o  t h e  sample was quan t i f i ed .  
somewhat va r iab le ,  probably  because of  the heterogeneous nature of the coal .  

The r e s u l t s  were 
For 
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a l l  samples measured, though, there was a pronounced slowing down of the v e l o c i t y  o f  
the d i f f us ion  f ront  w i t h  i nc reas ing  t ime, as the  f r o n t  penetrated deeper i n t o  the  
sample. This would suggest t h a t  the d i f f u s i o n  i s  not  Case 11. However, because the 
amount of so lvent  pene t ra t i ng  through the grease, o r  between the  glass s l i d e  and the  
coal  i n t o  t h e  top and bottom surfaces o f  t h e  coal has not been accurate ly  q u a n t i f i e d  
(though q u a l i t a t i v e  checks were made -- see e a r l i e r  i n  t h i s  sect ion) ,  i t  would be 
des i rab le  t o  corroborate these r e s u l t s  e i t h e r  through an accurate eva lua t i on  o f  t h i s  
c o n t r i b u t i o n  t o  so lvent  uptake o r  by us ing  a l t e r n a t e  techniques. 

A f te r  the d i f f u s i o n  f r o n t  had propagated we l l  i n t o  the  t h i n  sect ion,  t he  
p y r i d i n e  was removed and the  sample was al lowed t o  dry  a t  room temperature i n  
n i t rogen  gas for  several days. 
repeated. 
and t h e  second exposure a f t e r  drying. It i s  ev ident  t h a t  t he  movement o f  t he  
d i f f u s i o n  f r o n t  i s  much more r a p i d  f o r  t he  second run, a f t e r  t h e  sample has 
p rev ious l y  been swollen by the  p y r i d i n e  and dr ied.  This f a s t e r  d i f f u s i o n  i n  the  
second run had been observed i n  our previous work where t h i n  sect ions were f u l l y  
immersed i n  l i q u i d  p y r i d i n e  and penetrat ion occurred p r i m a r i l y  through the  t o p  and 
bottom surfaces (11). 

There are several poss ib le  c o n t r i b u t i o n s  t o  the  more r a p i d  pene t ra t i on  o f  
the p y r i d i n e  the second t ime. When t h e  sample i s  d r i e d  a f t e r  t he  i n i t i a l  swe l l i ng ,  
some o f  t h e  p y r i d i n e  remains i n  t h e  coal (12). So, l ess  p y r i d i n e  d i f f u s e s  i n t o  the  
coal the second time. I n  add i t i on ,  the res idua l  p y r i d i n e  probably weakens SOW o f  
t h e  in ter -molecular  i n t e r a c t i o n s  so t h a t  t h e  new p y r i d i n e  d i f f u s i n g  i n  encounters a 
looser  s t ruc tu re  and can the re fo re  swell  t he  coal more read i l y .  Another p o s s i b i l i t y  
i s  t h a t  t he  i n i t i a l  s w e l l i n g  and d r y i n g  causes microcracks i n  t h e  s t r u c t u r e  so t h a t  
subsequent d i f f u s i o n  can u t i l i z e  these new routes. 
t h e  d i f f u s i o n  r a t e  was measured, no d i f f u s i o n  v i a  microcracks was observable i n  the  
o p t i c a l  microscope. There may a l so  have been some e f f e c t  on the  d i f f u s i o n  r a t e  f rom 
some bitumen being ex t rac ted  from the coal  du r ing  the  f i r s t  d i f f u s i o n  run. 

Then the  same d i f f u s i o n  experiment as before was 
Figure 10 shows g raph ica l l y  t h e  r e s u l t s  f o r  both t h e  o r i g i n a l  d i f f u s i o n  

However, i n  the reg ions where 

CONCLUSIONS 

D i f f u s i o n  i n t o  coal has been observed " i n  s i t u "  a t  t h e  microscopic  l e v e l  
This technique which u t i l i z e s  uncontaminated t h i n  sect ions o f  f o r  the f i r s t  time. 

coal  enabled the  study o f  t r u e  in t ra-macera l  d i f f u s i o n  as d i s t i ngu ished  from the 
usual concurrent d i f f u s i o n  i n  a v a r i e t y  of maceral s t ructures,  o r  d i f f u s i o n  v i a  
cracks, minera l  matter, macropores, o r  maceral i n te r faces .  For d i f f u s i o n  o f  a good 
so lvent  i n t o  a h igh v o l a t i l e  bituminous coal ,  a sharp ly  def ined f r o n t  occurred, and 
t h e  d i f f u s i v e  f low was h i g h l y  concentrat ion dependent. 
slowed w i t h  depth o f  pene t ra t i on  i n t o  the  coal. When the  sample was placed between 
crossed polars, a t h i n  l i g h t  l i n e  was seen a long the  d i f f u s i o n  f r o n t  against  the 
dark background. This i nd i ca tes  t h a t  o r i e n t a t i o n  o f  the macromolecular network 
occurs as a r e s u l t  o f  t he  s t resses i n  t h e  v i c i n i t y  o f  the f r o n t .  For in t ra-macera l  
d i f f u s i o n  i n  v i t r i n i t e  the re  was no obvious d i f f e r e n c e  between the rates o f  movement 
o f  t h e  f r o n t  p a r a l l e l  versus perpendicu lar  t o  the  bedding plane. When t h e  l i q u i d  
was desorbed and then reabsorbed, the d i f f u s i o n  r a t e  was considerably f a s t e r  t he  
second time. L i a u i d  pene t ra t i on  i n t o  cracks i n  v i t r i n i t e  was i n i t i a l l v  raDid. but  

The movement o f  t h e  f r o n t  

the swe l l i ng  which resu l ted  
penetrat ion.  
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Figure 1.  Grease-immersion setup for "in situ" microscopic 
observations of solvent diffusion in coals. 
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Figure 2. Diffusion of pyridine in 
relatively homogeneous vitrinite, after 
50 minutes contact of edge with liquid 
pyridine. 

Figure 3. Diffusion of pyridine in 
relatively homogeneous vitrinite, after 
70 minutes contact of edge with liquid 
pyridine. 
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Figure 4. Diffusion of pyridine in a 
heterogeneous striated coal structure, 
after 4 minutes contact of edge with 
liquid pyridine. 

Figure 5. Diffusion of pyridine in a 
heterogeneous striated coal structure, 
after 52 minutes contact of edge with 
liquid pyridine. 
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Figure 6. Comparison of diffusion rates parallel 
versus perpendicular to the bedding plane. 

Figure 7. Thin section with crack, after 60 
seconds exposure to pyridine. 

Figure 8. Crack in thin section sealed by 
swelling, after 100 seconds exposure to pyridine. 
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Figure 9. Thin section with sealed crack, after 
210 seconds exposure to pyridine. 
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SOLVENT SWELLING OF COAL 1. DEVELOPHENT OF AN IMPROVED 
lIETHOD FOR MEASURING SWELLING PHENOKENA 

Tetsuo Aida and Thomas G. Squires 

Ames Laboratory* 
Iowa State University 
Ames, Iowa 50010 

INTRODQCTION 

Although the polymeric nature of coal was established over a 
quarter of a century ago (l), many phenomena which derive from its 
cross-linked, macromolecular structure are still not well understood. 
This includes one of the most important aspects of coal chemistry, the 
accessibility of solvents and/or chemical reagents to sites buried 
within the solid coal matrix ( 2 ) .  Thus, the rate and extent of chemi- 
cal conversion and/or solubilization of these interior sites are 
governed by penetration of the macromolecular structure by an appro- 
priate chemical agent. Generally, penetration of cross-linked, macro- 
molecular solids by organic chemicals has been investigated using 
swelling techniques. 

The swelling induced by contacting coal with organic solvents has 
been investigated intensively in recent years: and several convenient 
methods using both liquids and saturated vapors have been developed 
for measuring coal swelling properties ( 3 ) .  The liquid phase swelling 
behavior is particularly interesting because it is a reasonable mea- 
sure of a solvent's ability to penetrate the coal matrix. Previously, 
investigators of this phenomenon have utilized some variation of the 
test tube technique developed by Dryden (4). In this method, the 
initial height of a dry coal bed, h. is compared to the final swollen 
height, hf, after equilibration with solvent. T ese values are used 
to compute the equilibrium swelling ratio, Q = 'f/hi, for each sol- 
vent. 

However, the accuracy of this method is not satisfactory, parti- 
cularly at lower (Q < 1.3) and higher (Q > 3.0) swelling ratios; and 
it is also quite difficult to investigate dynamic swelling behavior. 
Moreover, the Q-value reflects not only interactions between solvent 
and coal, but is also grossly affected by complicated elastic restor- 
ing forces in the coal network due to covalent bond cross-linking, 
hydrogen bonding, or T t  -fl interactions between condensed aromatics. 
On the other hand, initial swelling rates may isolate interactions 
between solvent and coal by minimizing the involvement of such compli- 
cated restoring forces. 

On the basis of these considerations, we have developed a new 
method for the dynamic measurement of liquid phase solvent swelling 
phenomena which is 100 times more accurate than conventional methods. 
We have used this technique to determine Q-values and initial swelling 
rates for Illinois No. 6 Coal with a variety of solvents. Here we 
present our initial experimental results and compare these findings 
with those obtained using conventional methods. 

* Operated for the U.S. Department of Energy by Iowa State University 
under Contract No. W-7405-Eng-82. 
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EXPERIIIENTAL 

Materials 

I l l i n o i s  No. 6 Coal  f rom t h e  A m e s  L a b o r a t o r y  Coal  L i b r a r y  was 
used i n  t h e s e  s t u d i e s .  This  coa l  has  t h e  f o l l o w i n g  u l t i m a t e  a n a l y s i s  
(dmmf b a s i s ) :  7 8 . 8 2 %  C ;  5.50% H; 1.59% N ;  2.29% Sor&; and 10.05% a s h .  
P r i o r  t o  u s e ,  t h i s  c o a l  was ground,  s i z e d ,  and d r i  d a t  l l O ° C  over -  
n i g h t  under vacuum. Except f o r  commercial "Gold Label Grade" reagents  
(Aldrich Co.) which w e r e  used wi thout  f u r t h e r  p u r i f i c a t i o n ,  s o l v e n t s  
were d i s t i l l e d  by o r d i n a r y  procedures  before  u s e .  

I 

Apparatus 

As shown i n  F i g u r e  I, t h i s  a p p a r a t u s  i s  s i m i l a r  i n  p r i n c i p l e  t o  
an osmotic  p r e s s u r e  measurement device,  except  t h a t  c o a l  and so lvent  
a r e  separa ted  by 10)4 s t a i n l e s s  steel f i l t e r .  I n  each experiment ,  t h e  
movement o f  t h e  p i s t o n  a s  a f u n c t i o n  o f  t i m e  was r e c o r d e d ;  and t h e  
i n i t i a l  s w e l l i n g  r a t e  (Vi )  was d e t e r m i n e d  g r a p h i c a l l y  a s  shown i n  
F igure  1. The Q-value w a s  c a l c u l a t e d  by d i v i d i n g  t h e  f i n a l  volume, So 
+ AS, by t h e  i n i t i a l  volume, So. 

General Procedure 

In a t y p i c a l  e x p e r i m e n t ,  5 0 0  mg. of  I l l i n o i s  N o .  6 Coal  w a s  
placed i n  t h e  c y l i n d e r  bottom and covereg by t h e  pis ton.  The pressure  
on t h e  p i s t o n  was a d j u s t e d  t o  5.0 gfcm and was m a i n t a i n e d  a t  t h i s  
l e v e l  t h r o u g h o u t  t h e  e x p e r i m e n t .  A f t e r  p o s i t i o n i n g  t h e  p i s t o n ,  t h e  
e n t i r e  system w a s  evacuated t o  0.20 - 0.15 m m  Hg f o r  1 0  minutes. The 
v a l v e  of t h e  s o l v e n t  c o n t a i n e r  w a s  t h e n  opened a l lowing  t h e  so lvent  t o  
c o n t a c t  t h e  coal ;  and t h e  movement of  t h e  p i s t o n  was r e c o r d e d  a s  a 
func t ion  of t i m e .  

RESULTS AND DISCUSSION 

Comparison of  New Method and Conventional Method 

Conventional s w e l l i n g  measurements were c a r r i e d  o u t  us ing  a 1 0  m m  
x 75  m m  t e s t  t u b e ,  2.0 g of I l l i n o i s  No. 6 C o a l ,  and 8.0 m l .  o f  THF. 
The h e i g h t  of coal bed w a s  read a t  f i v e  minute i n t e r v a l s  a f t e r  shaking 
t h e  m i x t u r e  v i g o r o u s l y  e a c h  t i m e .  A s  shown i n  F i g u r e  2 ,  t h e r e  i s  a n  
i n t e r e s t i n g  c o n t r a s t  i n  s w e l l i n g  b e h a v i o r  a s  measured by t h e  two 
methods. I n  t h e  case of  t h e  convent ional  method, t h e  r a t e  i s  r e t a r d e d  
i n  t h e  e a r l y  s t a g e s  o f  s w e l l i n g ,  p o s s i b l y  because  many p o r e s  a r e  
f i l l e d  wi th  a i r  and t h e  s o l v e n t  cannot achieve i n t i m a t e  c o n t a c t  w i t h  
t h e  coa l  s u r f a c e  d u r i n g  t h i s  i n i t i a l  s tage.  

For t h e  more i n t e r a c t i v e  s o l v e n t s ,  a higher  Q-value was observed 
u s i n g  t h e  new method. T h i s  i s  p r o b a b l y  b e c a u s e ,  i n  c o n t r a s t  t o  t h e  
convent ional  method, t h e r e  i s  no mechanical a g i t a t i o n  o f  t h e  c o a l  bed; 
and t h e  i n t e g r i t y  o f  t h e  c o a l  bed i s  t h u s  m a i n t a i n e d  t h r o u g h o u t  t h e  
s w e l l i n g  measurement. I n  suppor t  of t h i s  hypothesis ,  t h e  new appara- 
t u s  was found t o  b e  q u i t e  s e n s i t i v e  t o  mechanical shock which u s u a l l y  
r e s u l t e d  i n  an i n s t a n t  drop i n  t h e  reading. 

I 
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Sensitivity of New Method 

In a 500 mg. experiment, our new apparatus can detect a volume 
change of 10-4ml, that is the Q-value can be determined to +0.0001. 
However, for practical reasons, we prefer to report the data to 20.01 
Q-value units. Typical Q-values measured by this method are included 
in Table I along with data obtained by conventional measurements. 

Table 1. Comparison of Methods for Measuring Q-valuesa 

SOLVENT Benzene Toluene p-Xylene Methanol THP Bu4NOH 
0 .  5Nb 

1.04 1.06 1.06 1.24 2.20 4.15 QNc 
-- -1.3 -1.3 -1.3 1.4 1.8 d Qr 

a. Illinois No.6 Coal measured at 21.OoC 
b. Solution in pyridine/methanol (1:l vol.) 
c. Present method 
d. Conventional method 

Our new method exhibits some obvious advantages, both at lower 
and higher swelling conditions, which will allow us to examine subtle 
differences in swelling behavior. An interesting contrast in the two 
methods is found in the relative Q-values for methanol and hydrocar- 
bons. The reason for the difference is not clear at the present time, 
but may involve non-swelling volume increase processes like particle- 
particle repulsions. In the new method such forces are apparently 
overcome by the pressure of the piston. At the other extreme, 
Q = 4.15 for the tetrabutyl ammonium hydroxide solution is the highest 
swelling ratio which we have ever measured for Illinois No. 6 Coal. 

Determination of Initial Swelling Rate 

In order to evaluate the capability of this method for investiga- 
ting kinetic phenomena, several experiments were conducted. The 
effect of particle size on coal swelling rates was first examined. As 
expected, swelling rates are very sensitive to particle size. As 
shown in Figure 3 ,  200 x 400 mesh Illinois No. 6 Coal swells in THF at 

/ approximately 10 times the rate of 25 x 60 mesh coal. The temperature 
dependence of the THF-coal interaction in the range of 20 to 4OoC was 
also examined. Interestingly, the Q-value was not affected by temper- 
ature, while the initial swelling rate increased by 15% for each 10°C 
increase (see Figure 4). 

Although the actual penetration of the solvent and/or chemical 
reagent will not always be reflected by the Q-value or initial swel- 

basis for evaluating solvents is presented in Table 11. Here, the 
swelling rates of common solvents: including some hydrogen donor 
solvents, are compared using a new parameter, rlo,, which is defined 
as the time which would be necessary to swell the initial volume by 
10%. This value is calculated on the basis of the initial swelling 
rate. 

, ling rate, we believe that they provide a quite useful basis for 
I designing chemical conversions or extractions of coal. One such 

97 

I 



Table 11. Comparison of Swelling Rates Using Tloa 
Solvent 71 n Solvent TI n 

n-propylamine 10 sec. Benzene 1.7 hrs. 
Pyri ine 48 sec. Quino 1 ine 5.0 hrs. 

1.8 min. Ind line 16.6 hrs. 
2.0 mos. T H F ~  1.6 min. THQ 

Acetone 2.7 min. Tetra 1 in >1.0 year 
Methanol 3.1 min. 
Dichloromethane 4.1 min. 

a. Illinois No.6 Coal, 60 x 100 mesh, measured at 21OC. 
b. Dimethylsulfoxide c. Tetrahydrofuran 
d. 1,2,3,4-Tetrahydroquinoline 

a DMSO il 

Relation Between Initial Swelling Rate (Vi) and Q-Value 

Prior to undertaking these experiments, we expected a direct 
relationship between Q-values and V.'s because we understood that both 
are a measure of the relative af+inity of solvent for coal. The 
results obtained are presented in Table 111. 

Table 111. Comparison of @Value and V;a 

SOLVENT Q-Va 1 ue vi x 102 

Methanol 1.24 3.2 

Acetone 1.50 3.7 
THF 2.20 6.2 
Qu ino 1 i ne 2.35 0.03 
n-Propylamine 2.45 58.6 
NH CH2CH2NH2 2.60 46.4 
D d O  2.80 4.8 
Pyridine 2.90 12.5 

a. Illinois No.6 Coal, 60 x 100 mesh, measured at 21OC. 

CH2Cl2 1.23 2.1 

We ar@ puzzled by the lack of correlation between Vi,and Q-value. 
However, two possible explanations come to mind. Initial swelling 
rates could be more sensitive than Q-values to solvent viscosities and 
steric requirements. A more detailed study of these factors, 
especially steric requirements for solvent swelling of coal, will be 
presented in the next paper. 
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Vi: Initial swelling rate 

Figure 1. Method for Measuring Liquid Phase Solvent Swelling 
of Coal. 
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Figure 2. Comparison of THF Swelling Patterns for Illinois 
NO. 6 Coal at 21.0'~. 
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Figure 3. Effect of Particle Size on Initial THF Swelling 
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Figure 4. Temperature Effect on THF Swelling Behavior of 
60 x 100 mesh Illinois No. 6 Coal 
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INTRODUCTION 

Some t i m e  a g o  it was e s t a b l i s h e d  t h a t ,  as  a s o l i d ,  m i c r o p o r o u s  
m a t e r i a l ,  c o a l  behaves as a molecular  s i e v e  (l), i.e. it d i s c r i m i n a t e s  
among molecules  d i f f u s i n g  i n t o  t h e  p o r e  system on t h e  b a s i s  of s i z e ,  
s h a p e ,  and f u n c t i o n a l i t y .  I t  seems t o  u s  t h a t  t h e  p r o c e s s  by which 
s o l v e n t  molecules  p e n e t r a t e  t h e  s o l i d  c o a l  m a t r i x  should be s i m i l a r l y  
s e l e c t i v e .  The i n v e s t i g a t i o n  of s u c h  phenomena i s  i m p o r t a n t ,  n o t  only 
from t h e  p e r s p e c t i v e  of unders tanding  t h e  a c c e s s i b i l i t y  of chemical  
a g e n t s  t o  s i t e s  w i t h i n  t h e  c o a l  m a t r i x  ( 2 1 ,  b u t  f o r  t h e  r a t i o n a l  
des ign  of chemica l  convers ion  processes .  

Recent ly ,  w e  developed a new method f o r  a c c u r a t e l y  measuring both 
t h e  dynamic  and e q u i l i b r i u m  s o l v e n t  s w e l l i n g  b e h a v i o r  o f  c o a l  ( 3 ) .  
Here, we r e p o r t  t h e  i n i t i a l  a p p l i c a t i o n  o f  t h e s e  t e c h n i q u e s  t o  t h e  
i n v e s t i g a t i o n  o f  a c c e s s i b i l i t y  phenomena. From t h i s  s t u d y ,  which 
examines t h e  s te r ic  i n t e r a c t i o n s  between s o l v e n t  and c o a l ,  w e  expec t  
t o  o b t a i n  a b e t t e r  u n d e r s t a n d i n g  of  t h e  mechanism by w h i c h  c h e m i c a l  
agents  p e n e t r a t e  t h e  c o a l  matr ix .  

EXPERIMENTAL 

The s w e l l i n g  m e a s u r e m e n t s  were c a r r i e d  o u t  a s  d e s c r i b e d  i n  t h e  
p r e v i o u s  p a p e r  ( 3 ) ;  and t h e  i n i t i a l  s w e l l i n g  r a t e s  w e r e  d e t e r m i n e d  
g r a p h i c a l l y .  A l l  c o a l s  u s e d  i n  t h e s e  s t u d i e s  were f r o m  t h e  Ames 
L a b o r a t o r y  C o a l  L i b r a r y .  P r i o r  t o  u s e ,  t h e  c o a l s  w e r e  g r o u n d ,  s i z e d  
t o  1 0 0  x 200 mesh, and d r i e d  a t  llO°C o v e r n i g h t  under vacuum. Except 
f o r  c o m m e r c i a l  "Gold L a b e l  Grade" r e a g e n t s  ( A l d r i c h  Co.) which  were 
used w i t h o u t  f u r t h e r  p u r i f i c a t i o n ,  s o l v e n t s  were d i s t i l l e d  by o r d i n a r y  
procedures  b e f o r e  use. 

RESULTS AND DISCUSSION 

S w e l l i n s  o f  I l l i n o i s  N o .  6 Coal i n  Hydrocarbon S o l v e n t s  

The s w e l l i n g  d a t a  obta ined  w i t h  hydrocarbon s o l v e n t s  a r e  shown i n  
T a b l e  I. T h e r e  a p p a r e n t l y  i s  no s i m p l e  r e l a t i o n s h i p  b e t w e e n  t h e  
i n i t i a l  s w e l l i n g  r a t e ,  Vi, and t h e  e q u i l i b r i u m  s w e l l i n g  r a t i o ,  Q,  f o r  
t h i s  ser ies  of s o l v e n t s .  N e i t h e r  i s  t h e r e  a n  o b v i o u s  r e l a t i o n s h i p  
between v i s c o s i t y  and s w e l l i n g  behavior .  However, w i t h  t h e  except ion  

SOLVENT SWELLING OF COAL 2. 
INVESTIGATION OF STERIC REQUIREMENTS 

Tetsuo  Aida and Thomas G. S q u i r e s  

A m e s  Laboratory* 
Iowa S t a t e  U n i v e r s i t y  

Ames, Iowa 50011 

*Opera ted  f o r  t h e  U.S. D e p a r t m e n t  of Energy  by Iowa S t a t e  U n i v e r s i t y  
under C o n t r a c t  No .  W-7405-Eng-82. 
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Table I. Swelling Behavior of Illinois No. 6 Coal in Hydrocarbonsa 

n2 0 
b 

Q "Ret Hydrocarbon 

1.04 1. ooc 0.65 

1.06 0.40 0.59 

CH3 
3c aEt 
(ypr 
H3vH3 

1.06 1.18 0.65 

4.00 0.69 -- 

I 
CH, 

_1 

a. 100-200 mesh, measured at 21.OoC 
b. Rate Retardat'on Fac or: Vi(benzene)/Vi(hydrocarbon) 
c. vi = 2.73x10-' min.-' 

I 

of toluene which initially swells about 2.5 times as fast as benzene, 
the sharp decrease in Vi from benzene to mesitylene suggests that 
there is a steric component to the rate constant for solvent penetra- 
tion of the coal matrix. 

Solvent Swelling Behavior of Illnois No. 6 Coal in Alcohols 

The initial swelling rates (Vi) and equilibrium swelling ratios 
(Q) were measured for C1 through C4 alcohols, and the results are 
summarized in Table 11. Except for methanol, Q-values for the un- 
branched primary alcohols were almost identical, while, with increa- 
sing chain length, a twelve-fold decrease in initial swelling rates 
was noted for this series. Although the latter behavior is consistent 
with that predicted on the basis of steric considerations, it is also 
consistent with the trend in solvent viscosities. 

However, comparison of the initial swelling rates of n-propyl and 
isopropyl alcohol reveals a rate retardation factor (VRet) of 4 for 
the branched isomer despite almost identical viscosities. Similar 
behavior is exhibited by the butyl alcohol series: compared to E-butyl 
alcohol, the initial swelling rates of isobutyl and E-butyl alcohol 
are retarded by factors of 9 and 40,  respectively. These large ef- 
fects cannot be rationalized on the basis of viscosities. 
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Table 11. Swelling Behavior of Illinois No. 6 Coal in Alcoholsa 

Alcohol 

UeOH 
EtOH 
- n-PrOH 
i-PrOE 
n-BuOH 
i-BuOH 
- S-BuOE 

- 
- 
- 

Q 

1.23 
1.34 
1.36 

1.34 
-- 
-- -- 

n 20 b 
"Ret 

1. O O C  0.60 
1.92 1.2 
3.96 2.3 

14.18 2.3 
12.17 2.9 
103.4 4.2 
499.0 3.9 

a. 100-200 mesh, measured at 2O.O0C 
b. Rate Retardat'on Fac or: Vi (methanol) /Vi(alcohol) 
c. Vi = 3.18~10-' min.-' 

Solvent Swelling Behavior Of Illinois No. 6 Coal in Amines 

The swelling behavior of Illinois No. 6 Coal in various aliphatic 
amines was also examined. Once again, we can ascertain no significant 
differences among the Q-values for the entire series of amines. On the 
other hand, initial swelling rates for this series vary over a range 
of lo6 and provide an unambiguous basis for establishing.the impor- 
tance of steric requirements. In fact, the evidence is so compelling 
that the results are simply reported, with minimum discussion, in 
Tables 111-VI. 

Table 111. Swelling Behavior in Primary Amines.a Effect of 
Chain Length. 

Structure Q vRetb 
CH3CB2CH2NE2 2.45 1. ooc 

2.64 2.05 

CH3 (CE2 1 4CB2NH2 2.19 9.31 

a. Illincis No. 6 Coal (100 x 200 mesh), measured at 21.OoC 
b. Rate Retardatio Factozi Vi("-Propylamine) /Vi (amine) 
C. Vi = 5.86 x lo-' min. 

Table IV. Swelling Behavior in Primary Butyl Amines.a Effect of 
Chain Branchinq 

b 
Q VRet 

CH3 (CBz) 2CH2NH2 2.64 1.00 

(CE3 1 2CHCB2NH2 2.46 4.38 

Structure 

(CH3) 3CNE2 1.95 732 

a. Illinois No. 6 Coal (100 x 200 mesh), measured at 21.0°C 
b. Rate Retardation Factor: Vi(n-Butylamine)/Vi(amine) 
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Table V. Swelling Behavior in C ~ H ~ ~ N  Amines.a Comparison of Primary, 
Secondary and Tertiary Isomers 

b 
Structure Q 'Ret 

CH3 (CH2) qCH2NH2 2.19 1.00 

(CH,cH, I 3N -- 1.5 1 0 5  

(CH3CH2CH2) 2NH 2.05 15.4 

a. Illinois No. 6 Coal (100 x 200 mesh), measured at 21.0°C 
b. Rate Retardation Factor: Vi(n-Hexylamine)/Vi(amine) 

Table VI. Swelling Behavior in Secondary C6H13N Aminesa Effect of 
Chain Branching. 

b Structure Q 'R-t 

(CH3CH2CH2) 2NH 2.05 1.00 

[(CH312C.] 2NH -- 1830 

a. Illinois No. 6 Coal (100 x 200 mesh), measured at 21.0°C 
b. Rate Retardation Factor: Vi (Di-n-Propylamine) /Vi (amine) 

The nature and divergency of these comparisons leave little doubt 
that steric factors play an important role in coal accessibility 
phenomena and can provide answers to a number of troublesome ques- 
tions. For example, the lack of coal solubility in solvents such as 
triethyl amine and hexamethyl phosphoramide (HMPA) , which (because of 
their "solubility parameters") should be good solvents ( 4 ) ,  is clearly 
consistent with steric inhibition of coal matrix penetration by these 
hindered solvents. 

Effect of Coal Rank on Solvent Swelling Behavior 

In a final series of experiments, the rank dependent solvent 
swelling behavior of coals in three isomers of primary butyl amine was 
investigated. While we found small differences in the equilibrium 
swelling ratios for various coallamine systems, we can detect no 
systematic relationship between rank and Q-values; and we have focused 
our attention on initial swelling rates. In order to correlate this 
data, we have defined two swelling parameters, 

8, = vn/vs and et = vn/vt 
where €3 and et represent the steric sensitivity of coal toward secon- 
dary and tertiary branching in the butylamine isomers, and Vn, V , and 
Vt,are the initial swelling rates of coal in n-butylamine, E-fSutyl- 
amine, and t-butylamine, respectively. These rate parameters, analo- 
gous equilibrium parameters, and carbon contents of the coals used in 
these studies are presented in Table VII. 
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T a b l e  V I I .  The E f f e c t  of Coal  Rank on Steric S e n s i t i v i t y .  

Coalatb C(%,  dmmfIc 0s et x l o 3  Q,/Q,~ 

A 72.2 1 8 . 8  -- 1.136 

B 72.2 17.3 60.8 1.120 

C 74.8 10.3 0.83 1.078 

D 80.4 4.5 0 .62  1.073 

E 8 2 . 4  1 0 . 8 9  4.7 1 .083  

F 84.9 19.16 -- 1.040 
~ 

a. 100-200 mesh, measured a t  21.OoC 
b .  A :  Hanna N o .  80; B: D ie t z  N o .  1 & 2 ;  C: Adav i l l e  No .  11; 

D:  I l l i n o i s  N o .  6 ;  E: West Kentucky N o .  9 ;  F:  P i t t s b u r g h  No. 8 
c. mm = 1.08 Ash + 0.55 S 
d .  Qn: Q-value i n  n-butylamine; Qs: Q-value i n  sec-butylamine 

W e  h a v e  p l o t t e d  8,  v e r s u s  c a r b o n  c o n t e n t  f o r  t h e  s i x  c o a l s  u s e d  
i n  t h i s  i n v e s t i g a t i o n .  There appea r s  t o  b e  some r e l a x a t i o n  of s ter ic  
r e q u i r e m e n t s  a r o u n d  80% c a r b o n  c o n t e n t .  W h i l e  i t  i s  t o o  e a r l y  t o  
s p e c u l a t e  a b o u t  t h e  u n d e r l y i n g  b a s i s  f o r  t h i s  b e h a v i o r ,  w e  b e l i e v e  
t h a t  it i s  r e l a t e d  t o  t h e  b a l a n c e  b e t w e e n  c o v a l e n t  a n d  n o n - c o v a l e n t  
(hydrogen bonded) c r o s s l i n k i n g  ( 4 ) .  I n v e s t i g a t i o n  of t h e s e  phenomena 
w i l l  be t h e  target  of f u t u r e  e f f o r t s .  
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MECHANISMS OF AMINE TRANSPORT 
IN COAL PARTICLES 

Barbara D. Barr-Howell and Nikolaos A. Peppas 
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West Lafayette, Indiana 47907 

INTRODUCTION 

There exists considerable evidence in the literature which suggests t ha t  the organic phase of coal is a 
highly crosslinked macromoleular network. This analysis is supported by the fact that  the organic phase 
of coals can swell in thermodynamically compatible solvents t o  twice its original volume without com- 
plete dissolution (Larsen and Kovac, 1978  Lucht and Peppas, 1981 a,h; Lucht, 1983). T o  aid in the 
study of the highly crosslinked coal network, Lucht and Peppas (1981a) proposed a simplified description 
of the organic phase, containing tetrafunctional and multifunctional crosslinks, unreacted functionalities, 
chain ends, entanglements, chain loops, and effective network chains. Physical crosslinks occur because 
the system is highly entangled. The  chains have limited mobility and therefore are unlikely t o  disentan- 
gle. Chemical crosslinks result from chemical reactions and are stable under a variety of conditions. 

Analysis of dynamic swelling results from macromolecular coal networks swollen by good solvents 
yields important information about solvent-network interactions and the  structure of the network. 
Diffusion studies can be used to determine the thermodynamic s ta te  of the  network, i.e., whether the net- 
work exists in the glassy or rubbery state. It is also possible t o  determine the type of solvent uptake 
which occurs in the network. The solvent uptake can occur by Fickian diffusion, anomalous transport, 
Case11 transport, or Super Case-I1 transport. 

When a macromolecular network such as coal exists in the'thermodynamic glassy state all large 
molecular chain motions are  restricted, hut  the segmental motions are not necessarily limited. As the 
temperature of the network is increased t o  the glass transition temperature, large molecular chain 
motions become inportant and the network shifts t o  its thermodynamic rubbery state. The exact glass 
transition temperature of t he  macromolecular network is dependent on its chemical and physical nature.' 
The presence of solvent can increase large molecular chain motions at lower temperatures thereby 
effectively lowering the glass transition temperature of the network. Anomalous di6usion occurs only 
below the glass transition temperature and a t  fairly high penetrant activities. Fickian di6usion occurs 
both in the glassy s t a t e  and the  rubbery state. Concentration-independent Fickian di6usion occurs gen- 
erally a t  low penetrant activities or low temperatures. 

A convenient method used in the analysis of sorption d a t a  employs fitting the sorption data  t o  equa- 
tion (1). 

Here Mt is defined as the mass of solvent uptake at time t ,  M, is the mass of solvent uptake as time 
approaches infinity, k is a constant dependent on the structural characteristics of the network, and n is 
the exponent which indicates t he  type of solvent uptake. Table 1 relates the exponent n to the various 
types of diffusion. 
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Table 1. 
Analysis of diUusional behavior using equation (1) 

Exoonent n Tvoe of diUusion 

0.5 Fickian dillusion 
0.5 < n < 1.0 
1.0 Case-I1 transport 
> 1.0 Super CaseII  transport 

Anomalous transport 

Equation (1) is valid only in the analysis of the first 60% of the final mass of solvent uptake. It also can- 
not be used to  analyze inflections or overshoots. 

For Fickian diUusion with constant boundary conditions and a constant diffusion coefficient, t he  sorp  
tion and desorption kinetics in spheres is given by equation (2) (Crank, 1975). 

M, = 1 - 5 exp(-Dn2n%/rZ) M, n2 n2 

Here M, is the mass of solvent uptake a t  time t, M, is the mass of solvent uptake as time approaches 
infinity, r is the radius of the sphere, and D is the concentration-independent diffusion coefficient. An 
important approximate solution t o  equation (2) at &/Ii&, = 0.5 is given by equation (3). 

Here tIl2 is the diUusional half-time in seconds and d is the sphere diameter in centimeters. Equation (3) 
gives a useful relationship for the calculation of the diUusion coefficient in cm2/sec. 

For Case-I1 transport which usually occurs at high penetrant activity and is relaxation-controlled, the 
desorption and sorption da ta  in a sphere are expressed by equation (4) (Enscore et al., 1977). 

Here k, is defined as the Cas011 relaxation constant in mg/cm2 min and is assumed t o  be a constant; C, 
is the equilibrium concentration of the penetrant and r is the radius of the sphere. 

Most diUusion da ta  do  not follow Fickian diffusion or CaseII transport kinetics but  are explained by 
a combination of the two kinetic models. Anomalous transport may be described by coupling of the 
relaxation process with the diUusion process. This idea of coupling led Berens and Hopfenberg (1978) to 
propose a model t o  describe this process; the model is given in equation (5). 

M I j r n l  
1 - = &[- - exp(-4n2n%t/dZ)] -I- 4~ exp(-kt) 

M, A* n=l n2 
( 5 )  

Here bF and & are the fractions of sorption contributed by Fickian diUusion and the relaxation process 
respectively, D is the diUusion coefficient for the Fickian portion of the transport, and k is the firsborder 
relaxation constant. If dinusion occurs rapidly in comparison to  the relaxation, both D and k can be 
determined from the sorption d a t a  (Enscore et al., 1977). 
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EXPERIMENTAL P A R T  

The coal samples, packed under nitrogen, were supplied by the Pennsylvania State  University Coal 
Bank. The samples were sieved t o  the desired mesh size and stored in nitrogen until use. 

Untreated coal samples of 1-2 g were dried and weighed to  i 0.005 g on a Mettler t op  loading bal- 
ance. The samples were then placed in 10 ml beakers which were suspended in a dessicator over a pool 
of solvent. The  solvents used in the studies were n-propylamine, butylamine, diethylamine, and dipropy- 
larnine. The dessicator was sealed and suspended in a water bath to  maintain a constant temperature of 
35 i 0.5C. A t  set t ime intervals, the coal samples were removed, weighed, and then returned to  the 
dessicator. 

RESULTS AND DISCUSSION 

Dynamic swelling studies were performed on seven untreated coal samples. l o  the Erst set of experi- 
ments, the e6ect of carbon content on the sorption of n-propylamine vapor was studied. The samples 
were prepared for experimentation by drying, and then exposed to n-propylamine vapor at 35OC until 
equilibrium swelling had been reached. The mass of solvent uptake per mass of coal sample (dmmf) was 
calculated as a function of time. The results for PSOC 418 with 69.94%C (dmmf), PSOC 312 with 
78.38%C (dmmf), and PSOC 9129 with 88.19%C (dmmf) are shown in Figure 1. The results for PSOC 
791 with 72.25%C (dmmf), PSOC 853 with 80.12%C (dmmf), and PSOC 402 with 82.48%C (dmmf) are 
shown in Figure 2. 

The Erst major observation from this set of experiments was the dramatic e6ect of carbon content on 
the Enal solvent uptake per mass of coal sample (dmmf). This is shown graphically in Figure 3. The sol- 
vent uptake is shown to decrease with increasing carbon content. 

The mathematical analysis of the sorption d a t a  initially involved Etting the data  to equation (3) for 
the first 60% of the final solvent mass uptake. The  results lrom this analysis a r e  tabulated in Table 2. 
The results show no direct correlation between carbon content and exponent n; however, all the values 
fall between 0.5 and 1.0 and therefore all the sorption processes may be classiEed a8 anomalous transport. 

Table 2. 

Analysis of the Sorption Data  from Dynamic 
Swelling Studies for n-Propylamine using Equation (1) 

PSOC %C (dmmf) k Exponent n I 

418 69.94 .07 .74 ,998 
791 72.25 .05 .83 ,999 
247 75.53 .024 ,981 ,993 
312 78.38 -05 .79 .993 
853 80.23 .04 .79 .996 
402 82.48 .OS .68 ,994 

The model of Berens and Hopfenberg given in equation (1.10) was used t o  determine di6usion 
coefficients and relaxation constants. The results from this analysis are tabulated in Table 3. Here both 
the  relaxation constants and the di6usion coefficients are  found to decrease with increasing carbon con- 
tent. 
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Table 3. 

Diffusion Coefficients and Relaxation Fonstanta 
from the nPropylamine Studies 

PSOC %C (dmmf) k (sec-') D(cm*/sec) 

418 69.94 1.1 x lo-' 7.5 x 10-E 
791 72.25 5.5 x 10- 2.8 x 10- 
247 75.53 6.2 x 10- 2.2 x 10-0 

853 80.12 5.8 x lo-' 2.2 x 10-e 
402 82.48 4.3 x 10- 5.6 x 10- 

312 78.38 7.9 x 104 3.2 x 10-0 

The final mathematical analysis of this da t a  involved calculating the Case-I1 relaxation constant using 
the relaxation controlled model given by equation (4). The results from this analysis are tabulated in 
Table 4. Here the calculated relaxation constants show a decrease as the  carbon content increass. 

Table 4. 

Case-I1 Relaxation Constants for 
n-Propylamine Studies Using Equation (4) 

PSOC %C Idmmf) k,k/cm%ec) 

418 69.94 5.1 10-7 
791 72.25 3.0 10-7 
247 75.53 3.1 
312 78.38 2.7 10-~ 
853 80.12 2.8 10-7 
402 82.48 1.6 10-7 

The second set of experiments were designed to  determine the effect of particle size on solvent tran- 
sport. Again the samples were pre-dried and then exposed to a-propylamine vapor at 35% until equili 
brium swelling had been reached. The  results from these experiments were plotted as the mass of solvent 
uptake per mass of coal sample (dmml) as a lunction 01 time; these results are given in Figure 4, for 
PSOC 312 with 78.38%C (dmmf) with sizes of 850-600 pm, 600-425 pm, 425-250 pm, 250-180 pm, and 
180-150 pm. 

The results from the analysis of exponent n using equation (1) are tabulated in Table 5. A decrease 
in particle size has a resulting decrease in the value of the exponent n; there is a shift from anomalous 
transport in the larger particles t o  Fickian diffusion in the smaller particles. 

Table 5 

Analysis of the Sorption Data  for Varying Particles (PSOC 312) 
Sizes Using Equation (1) 

Particle Size k Exponent n * I 

850-600 pm .05 .79 ,993 
600-425 pm .07 .72 .9m 
425-250 pm .10 .67 ,997 
250-180 pm .12 .62 .999 
180-150 um .13 .54 .998 
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Figure 1: Uptake of n-Propylamine Vapor at 35‘C a Function of Time for PSOC 418 (69 .94%Ca,  
PSOC 312 (78.38%C, 0) and PSOC 989 (88.19%C, A). 
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Figure 2 Uptake of n-Propylamine Vapor at 35O as a Function or Time for PSOC 791 (72.25%C, C), 
PSOC 853 (lO.lZ%C, 0) and PSOC 402 (81.48%C, A). 
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Figure 3: Final Solvent Uptake as a Function of Carbon Content for n-Propylamine Studies. 
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Figure 4: Uptake of n-Propylamine Vapors by Coal Particles as a Function of Time. Studies with PSOC 
312 (78.3576C) and wilh Particles Sizes of 850-600 p m m ,  600-425 pm (O), 425-250 pm (A),  250-180 pm 
(0). and 180-150 fim (V). 
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Introduction 

Bituminous coals upon heating undergo a number of physical and chemical changes. 
The solid coal passes t h r o u g h  a transient p l a s t i c  ( f lu id )  phase before i t  r e so l id i f i e s  
to  form coke. This t rans ien t  f l u id i ty  resu l t s  in caking and agglomeration of the coal 
Particles in the processing of many bituminous coals. 
contribute to  desirable process performance such as a strong and reactive product in 
metallurgical coke manufacture, or t o  undesirable operating behavior such a s  bed bog- 
ging in fixed or fluidized bed gas i f ie rs .  More fundamentally, the presence of the 
fluid phase can influence the pyrolysis ra te  process. A basic understanding of the 
Plastic behavior of coal i s  therefore essential  in the development of quantitative 
understanding of modern coal conversion and combustion processes. 

The mechanism of coal p l a s t i c i ty  i s  poorly understood. 
ing i s  in i t ia ted  by a superposition of physical melting and pyrolysis of the coal. A 
plasticizing agent (metaplast) generated by these processes maintains f lu id i ty  until  
evaporation, repolymerization, and thermal crackinq reduce i t s  concentration to a sub- 
c r i t i ca l  value causing resolidification (1-3). Previous studies of coal p l a s t i c i ty  
have mainly been performed under conditions pertinent t o  metallurgical coke making;  
i . e . ,  low heating ra te  carbonization of packed bed samoles. 
the Gieseler plastometer which operates a t  a heating r a t e  of 5 x 10-h K S - ~  t o  f ina l  
temperatures around EO0 K .  Pla t i c i t y  data a re  needed a t  the high heating r a t e s  and 

pressures ( u p  to  10 WPa) o f  in te res t  in coal conversion. 

A new apparatus ( 4 )  has been developed tha t  allows the rapidly changing p las t ic i ty  
of softening coal to  be measured as a function of the following oDerating co d i t ions ,  
each varied independently over the stated range: heating ra tes  40 - 800 K S - ~ ,  tempera- 
tures 600 - 1250 K ,  pa r t ic le  diameters l e s s  than 100 um and pressures of i ne r t  or 
reactive gases from vacuum t o  10 MPa. This paper presents the findings of a detailed 
study of the p las t ic i ty  of a high vola t i le  Pittsburgh No. 8 seam bituminous coal using 
th i s  instrument. Typical resu l t s  are presented and compared t o  predictions of a pre- 
liminary mathematical model of coal p las t ic i ty .  
within the coal was independently determined by pyridine extraction of rapidly quenched 
flash-pyrolyzed chars and correlated with the p las t ic  behavior. 
time-temperature history of the coal on the molecular weight of t h i s  ex t rac t  was deter- 
mined by gel permeation chromatography. 

Industrially, these phenomena may 

One picture i s  t ha t  soften- 

A stand r d  i strument i s  

temperatures ( u p  t o  15.000 Ks- 5 and 700 - 1300 K,respectively), and elevated hydrogen 

The inventory of fusable material 

The e f f ec t  of the 

Experimental 

( a )  plastometer 

involves measuring the torque required t o  ro ta te  a t  constant speed, a thin shearing 
disk embedded in a thin layer of coal i n i t i a l l y  packed as f ine  par t ic les ,  and confined 
between two heated metal plates.  The uni t  i s  enclosed in a high-pressure vessel tha t  
can be evacuated or charged with hydrogen or i ne r t  gas .  One end of the torque trans- 
ducer i s  joined t o  the shaft  of the shearing disk,  while the other end i s  driven by a 
gear motor. 

The plastometer i s  described in de ta i l  elsewhere ( 4 ) .  Briefly,  the technique 

Response time of the piezoelectric transducer i s  l e s s  t h a n  10 rns. 
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The d e t a i l s  o f  t h e  coal  shearing device are i l l u s t r a t e d  i n  F igure 1. The shearing 
chamber cons is t s  o f  a 0.50 im thick shear ing d i s k  o f  3.75 mm rad ius  i n  a 38.1 mm x 
0.76 nnn s l o t  formed by upper and lower bounding p l a t e s  held together  by a p a i r  o f  s ta in -  
l e s s  s tee l /ceramic clamps. The t h i n  coal l a y e r  between the d i s k  and each bounding p l a t e  
i s  thus 0.13 mm ( o r  about  two p a r t i c l e  diameters f o r  t h e  s i ze  o f  p a r t i c l e s  tes ted ) .  The 
shearing d i s k  and bounding p l a t e s  are machined from a n i cke l  supera l loy f o r  high-tem- 
pe ra tu re  s t rength,  c o r r o s i o n  res is tance,  and h igh  e l e c t r i c a l  r e s i s t i v i t y .  Measurement 
o f  temperature i s  by a t h i n - f o i l  thermocouple o f  0.013 mm th ickness (response t ime 
2 - 5 ms) at tached t o  the ou ts ide  surface o f  t he  upper metal p l a t e  o f  the shearing 
chamber. 
se lected magnitude and d u r a t i o n  through t h e  metal p l a t e s  f o r  heat ing up and hold ing the 
sample temperature, r e s p e c t i v e l y .  
t he  12 v o l t  OC source f o r  sample heatup. A l oad ing  dev ice ( n o t  shown here) (4) i s  used 
t o  pe rm i t  rep roduc ib le  l oad ing  o f  the coal  p a r t i c l e s  i n t o  the shearing chamber and a l i g n -  
ment o f  the r o t a t i n g  d i s k  w i t h  the  a x i s  o f  t he  t ransducer  shaf t .  
loaded shear ing chamber i s  p laced between the two e lect rodes i n  the viscometer before 
the  experiment, and t h e  coupl ings t o  the transducer a r e  then connected. 
t ransducer  aga ins t  over load d u r i n g  s ta r tup ,  the shearing d i s k  i s  r o t a t e d  manually one 
o r  two tu rns  u n t i l  a torque i n  a measurable range o f  4 - 5 x 10-2 Nm i s  a t ta ined .  The 
u n i t  i s  then evacuated t o  approx imate ly  5 Pa and f l ushed  twice w i t h  he l ium a t  0.1 MPa. 
Then the t e s t  gas i s  admi t ted u n t i l  t h e  des i red  t e s t  pressure i s  estab l ished.  The 
d r i v e  motor i s  s t a r t e d  0.5 s before t h e  hea t ing  c i r c u i t s  are ac t i va ted .  The torque vs 
time, and temperature vs t ime p r o f i l e s  throughout the e n t i r e  r u n  are each recorded on 
an e l e c t r o n i c  reco rde r  a t  a r a t e  o f  200 po in ts / s ,  d i g i t i z e d ,  and s tored f o r  subsequent 
data processing. 

Heating i s  by s e q u e n t i a l l y  passing two constant  pulses o f  c u r r e n t  o f  pre- 

Currents as h igh  as a few hundred A a r e  drawn from 

The assembled and 

To p r o t e c t  the 

( b )  Screen Heater Reactor 

The weight  l o s s  and e x t r a c t  y i e l d  data a re  obta ined from an enlarged and modi f ied 
ve rs ion  o f  the screen heater  r e a c t o r  descr ibed by Anthony ( 5 ) .  
of t he  same s i z e  used i n  the  p lastometer  s tudy (63 - 75 pm) are spread i n  a t h i n  l aye r  
between two faces o f  425 mesh s t a i n l e s s  screen o f  14 cm x 7 cm s ize.  The screen i s  
mounted between two e l e c t r o d e  b locks and heated by the  same h igh-current  c i r c u i t s  
used for  the p lastometer .  
i s  he ld  t i g h t  throughout  t h e  e n t i r e  run. V o l a t i l e s  r e a d i l y  escape t h e  immediate neigh- 
borhood o f  the screen and are d i l u t e d  by the  ambient r e a c t o r  gas (usua l l y  hel ium). A t  
t he  end o f  the p rese t  heat ing i n t e r v a l ,  a coo l i ng  va l ve  i s  au tomat i ca l l y  ac t i va ted ,  
and sprays p ressu r i zed  l i q u i d  n i t r o g e n  onto the  screen, r e s u l t i n g  i n  a subst rate quench- 
i n g  r a t e  exceeding 1100 Ks-1. The weight l o s s  o f  coal i s  determined by weighing the 
loaded screen be fo re  and a f t e r  t he  run. The e x t r a c t  y i e l d  i s  then determined by Soxhlet 
e x t r a c t i n g  the screen and char  w i t h  p y r i d i n e ,  d ry ing  the  ex t rac ted  screen and char i n  
a vacuum oven a t  120°C f o r  4 hours, and reweighing. 

Coal p a r t i c l e s  (-30 mg) 

One o f  the e lect rodes i s  spr ing- loaded so t h a t  the screen 

Resul ts  and Discuss ion 

The o b j e c t i v e s  of t h i s  work a re  t o  d e t e n i n e  the separate e f f e c t s  o f  temperature, 
heat ing ra te ,  pressure, r e a c t i v e  gaseous atmosphere, i no rgan ic  a d d i t i v e s  and p re t rea t -  
ment on coal  p l a s t i c  behavior  and t o  formulate k i n e t i c  models f o r  coal p l a s t i c i t y .  
Experiments t o  da te  have employed a P i t t s b u r g h  seam bituminous coal  o f  39% v o l a t i l e  
m a t t e r  and 63-75 urn p a r t i c l e  diameter. 
samples used p r e v i o u s l y  i n  t h i s  l abo ra to ry ,  was f r e s h l y  ground under n i t rogen ,  washed, 
s ieved and then vacuum d r i e d  a t  383 K f o r  4 hours. 

The coa l ,  which was from the same mine as the 

(a)  Typica l  P lastometer  Resul ts  

Figures 2 and 3 p resen t  t y p i c a l  data obta ined under 0.1 MPa and 3.5 MPa o f  helium, 
respec t i ve l y ,  a t  a d i s k  r o t a t i o n a l  speed o f  0.67 rpm (corresponding t o  an average shear 

116 



r a t e  o f  1.32 s-1). 
o f  874 K and then held a t  t h i s  temperature f o r  6.0 s. As the temperature increases, 
the torque decreases t o  a low value due t o  l i q u i d  format ion.  A f t e r  a pe r iod  of low 
v i s c o s i t y ,  the v i s c o s i t y  o f  the molten coal  r i s e s  t o  a h i g h  value due t o  progress ive 
r e s o l i d i f i c a t i o n  o f  t he  mel t .  However, cont inued r o t a t i o n  o f  the d i s k  breaks up t h e  
r e s u l t a n t  coke formed by r e s o l i d i f i c a t i o n ,  and the  torque vs t ime curve g radua l l y  
decreases the rea f te r .  

I n  F ig .  2 the sample was heated a t  461 Ks-l t o  a f i n a l  temperature 

The stages o f  phys ica l  change o f  t h e  coal  a re  i l l u s t r a t e d  i n  Fig. 3. For  the 
g iven shear r a t e ,  the torque i s  r e l a t e d  t o  the absolute v i s c o s i t y  by 1.0 x Nm f 
2.6 x 104Pa s. obta ined by c a l i b r a t i n g  the inst rument  w i t h  viscous l i q u i d  standards 
a t  room temperature us ing  a method descr ibed elsewhere (4 ) .  E s s e n t i a l l y ,  the shear- 
i n g  geometry i s  regarded as two se ts  o f  concentr ic  p a r a l l e l  d isks.  A c a l i b r a t i o n  
fac to r  i s  in t roduced t o  account f o r  the s l i g h t  d e v i a t i o n  o f  the ac tua l  inst rument  
geometry from the p a r a l l e l  d i s k  geometry. 
obta ined us ing the standard equat ion f o r  a concen t r i c  r o t a t i n g  d i s k  viscometer and 
the c a l i b r a t i o n  f a c t o r .  

To show how d i f f e r e n t  types o f  p a r t i c l e s  behave when heated i n  the  plastometer. 
samples o f  Montana l i g n i t e  (d r i ed ,  53-88 urn), quar tz  ( ~ 1 0 6  urn), P i t t s b u r g h  No. 8 coa l  
(d r i ed ,  63 - 75 urn) and the same P i t t s b u r g h  coal  pre-ext racted w i t h  p y r i d i n e  (d r i ed ,  
63 - 75 m) were separate ly  tested.  
quar tz ,  which does n o t  change i t s  phys ica l  form when heated, t he re  i s  an i n i t i a l  drop 
i n  torque due t o  the s l i g h t  thermal expansion o f  t he  shearing chamber when heated. 
A h igh  bu t  f l u c t u a t i n g  torque s igna l  r e f l e c t s  shearing o f  p a r t i c l e s  w i t h  r i g i d  edges. 
Montana l i g n i t e ,  which undergoes p y r o l y s i s  w i thou t  so f ten ing  under these cond i t i ons ,  
r e t a i n s  i t s  s o l i d  form b u t  experiences a decrease i n  volume due t o  weight  l o s s .  I t s  
torque curve thus shows a g e n t l e  decrease t o  a steady value. The P i t t sbu rgh  coal 
shows a p l a s t i c  behavior very d i f f e r e n t  from the  above so l i ds .  A low minimum torque 
va lue and a d i s t i n c t  p l a s t i c  pe r iod  are c l e a r l y  present .  F i n a l l y ,  t he  p y r i d i n e  pre- 
ex t rac ted  coal shows a delayed sof ten ing,  
i n t e r v a l  i s  sho r te r  as compared w i t h  t h e  un t rea ted  coa l ,  presumably due t o  t h e  p r i o r  
removal o f  some metaplast  precursor  by py r id ine .  

The apparent Newtonian v i s c o s i t y  i s  then 

F i g .  4 compares these r e s u l t s .  I n  the case o f  

R e s o l i d i f i c a t i o n  i s  f a s t e r  and the  p l a s t i c  

(b) Typica l  Screen Heater Resul ts  

In fo rma t ion  on the  t ime-resolved k i n e t i c s  o f  d e v o l a t i l i z a t i o n ,  t he  amount o f  
ex t rac tab les  formed w i t h i n  the  coal  and on the  molecular  weight  d i s t r i b u t i o n  and 
chemical makeup o f  these e x t r a c t s  prov ides independent b u t  complementary i n fo rma t ion  
about the mechanism o f  p l a s t i c i t y .  F ig .  5 i s  a t ime resolved p l o t  o f  y i e l d s  ' o f  
v o l a t i l e s  ( i . e .  weight l oss ) ,  p y r i d i n e  ex t rac tab les  from char, and the  p y r i d i n e  i n -  
so lub le  ma te r ia l  i n  the  char, f o r  a heat ing r a t e  o f  448 Ks-1 t o  a ho ld ing  temperature 
o f  858 K. A f t e r  d i f f e r e n t  ho ld ing  times, the sample i s  r a p i d l y  quenched w i t h  l i q u i d  
n i t r o g e n  (do t ted  l i n e ) .  The weight average molecular  weight  nw o f  the  e x t r a c t  i s  
determin d by a Waters Associates ALC/GPC 201 system us ing  two series-connected 100 w 
and 500 8 Microstyragel  columns. Fig. 6 i s  a s i m i l a r  p l o t  f o r  a h igher  ho ld ing  tem- 
perature.  The q u a n t i t y  i s  found t o  increase i n  bo th  cases. P re -ex t rac t i on  o f  
t he  coal  removes p a r t  o f  the l i q u i d  precursor ,  and l e s s  e x t r a c t  would be expected 
upon subsequent p y r o l y s i s  as was observed. 
the p l a s t i c  behavior o f  coal .  
t r a c t s  from raw coal samples w i t h  those from p y r i d i n e  pre-ext racted samples, sub- 
j e c t e d  t o  i d e n t i c a l  temperature-t ime h i s t o r i e s .  
d i f f e r e n t  heat ing h i s t o r y ,  are a l s o  shown. 

Th is  behavior can s i g n i f i c a n t l y  a f f e c t  
F ig .  7 compares the  y i e l d s  o f  py ro l ys i s -de r i ved  ex- 

A second se t  o f  comparisons, for  a 

Discussion o f  Resul ts  

The mechanism o f  p l a s t i c i t y  i n  coals  i s  n o t  we l l  understood f o r  r a p i d  heat ing 
and h igh  temperature cond i t i ons .  P l a s t i c i t y  and r e l a t e d  phenomena such as swe l l i ng  
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and agglomeration a re  d i rec t  consequences of l iquid formation by heating. Physical 
melting of part of the coal f i r s t  occurs when the temperature i s  sufficiently high. 
Subsequent pyrolytic bond breaking generates additional l iquid.  The i n i t i a l  liquid 
generated by physical melting may also dissolve part of the solid coal material. 
the same time, l iqu id  i s  l o s t  through evaporation of i t s  l igh ter  molecules (volati les) 
from the par t ic le ,  and t h r o u g h  repolymerization and cracking reactions. This picture 
i s  supported by our present d a t a .  The kinetics of ex t rac t  generation and destruction 
as  inferred from the screen heater experiments correlates well w i t h  the p las t ic i ty  
data,  as  shown in Fig. 8. I t  seems reasonable t o  assume tha t  the amount of extract  
i s  an indication of the instantaneous l iquid metaplast content of the coal.  
we can ex t rac t  27% of pyridine solubles from the unheated raw coal. 
correspond t o  the material tha t  i s  solid a t  low temperature but undergoes physical 
melting as temperature exceeds the 'melting' point. O u r  observation w i t h  the plas- 
tometer, tha t  i n i t i a l  softening occurs around 580 K indepehdent of heating ra te  
(50 - 700 Ks-I), i s  consistent with the above observation as seen from F i g .  9.  I f  
this i n i t i a l  27% of material i s  pre-extracted, and afterwards the coal i s  subjected 
to  pyrolysis, the metaplast (ex t rac t )  formed by pyrolysis alone i s  much less  as seen 
from Fig. 7 .  The pre-extracted coal i s  expected t o  soften a t  a l a t e r  time (higher 
temperature) and the duration of p l a s t i c i ty  i s  shorter,  as  i s  observed (Fig. 4 d ) .  

f ication ra te  i s  i l l u s t r a t ed  from the pyridine insoluble curves in Figs. 5 and 6 .  
amount of insolubles reaches a minimum and then r i s e s  t o  an asymptotic value deter-  
mined by the competition of devolati l ization and resolidification rates.  
portion of the curves indicates e i ther  repolymerization reaction o r  cracking of meta- 
p las t  t o  a l igh t  gas and a solid,  or both. Repolymerization seems l ike ly  since the 
molecular weight of the metaplast increases with heating time (Figs. 5, 6 ) .  However, 
th is  can also be caused by selective evaporation of l i g h t  molecules from the metaplast. 
The devolati l ization ra te  also seems t o  be proportional t o  the instantaneous amount 
o f  meta l a s t  in coal. A t  higher holding temperatures (a973 K fo r  heating rates around 

has shorter width than the p las t ic i ty  curve. 
apparatus a r t i f a c t  since the mass transfer resistance f o r  vo la t i les  escape in the 
plastometer i s  much greater than in the screen heater. 

The duration of p las t ic i ty  a n d  the resolidification rate are quite sensit ive t o  
temperature-time history (Figs. 9 ,  10).  Fig. 10 shows how these vary fo r  plastometer 
runs a t  450 Ks-1 t o  four different holding temperatures. This behavior leads t o  the 
conceptually simple mathematical model based i n  part  on Fitzgerald's  metaplast theory 
( 6 ) .  
f i r s t  order kinetic model. 

A t  

In i t ia l ly ,  
This amount would 

The relation of extract  inventory to  the duration of p las t ic i ty  and t o  resolidi-  
The 

The rising 

500 Ks- P ) the p l a s t i c i ty  and  extract  curves do not correlate well. The extract  curve 
This behavior may in p a r t  re f lec t  an 

He considered the formation and destruction of metaplast t o  be described by a 

1 )  
kl k 2  

coal - metaplast - coke 

To simplify i t s  implementation here, equivalent component densit ies and negligible 
weight loss are assumed. To re la te  metaplast concentration t o  the apparent viscosity 
of the melt, an expression for concentrated suspensions by Frankel and Acrivos ( 7 )  
i s  employed. 
i s  given by, 

The r e l a t ive  viscosity u of a suspension a t  high solids concentration 

* 
where LI 
the maximum value of $ possible, and 1.1 i s  the viscosity of the continuous (solids- 
f r ee )  phase. We approximate @ = 1 - M where M i s  the metaplast weight fraction. 
Since the sample i s  i n i t i a l l y  a packed bed of so l ids ,  $m i s  assumed t o  be unity. 
This condition i s  possible i f  the solid elements of the suspension are t h i n  slabs 

i s  the viscosity of a suspension with a so l ids  volume fraction $, Om being 
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( lamel lae)  which i s  a reasonable rep resen ta t i on  o f  t he  layered s t r u c t u r e  o f  v i t r i n -  
i t e .  Solv ing Equation 1 f o r  metaplast  concentrat ion w i t h  the g iven temperature 
P r o f i l e  (constant l i n e a r  heat ing fo l l owed  by a constant  ho ld ing  temperature) and 
us ing E u a t i o n  2 a l l o w s 7  t o  be ca l cu la ted  if the r a t e  constants k ( = k o l  exp[-E~l /RT])  
and k ?ko2 exp[-E~e/RT]) a re  known. These q u a n t i t i e s  can be es t i ha ted  from labora-  
t o r y  % a h .  A t  a l a t e  stage o f  r e s o l i d i f i c a t i o n ,  the metaplast  format ion r a t e  i s  
ve ry  small ,  so 

i 

3) - -  :! - -k2M 

A t  small values o f  M (M<0.1), Equation 2 w i t h  the approximation $m = 1.0 i s  reduced t o  

4) 

5)  

- 27 1 
Ll = 8 (a) 

It then fo l l ows  t h a t  

d l n t -  7 - k2 = ko2 ~XP[-EA~/RT]  

The hold ing temperature i s  a good approximation f o r  T when reso l  i d i f i c a t i o n  occurs 
we l l  a f t e r  the hold ing temperature i s  reached (such as i n  F ig .  2 ) .  The experimental 
r a t e  of increase o f  the l oga r i t hm o f  torque i s  i d e n t i c a l  t o  the l e f t -hand  term o f  
Equation 5. A p l o t  o f  the l oga r i t hm o f  t h i s  q u a n t i t y  vs rec ip roca l  ho ld ing  tempera- 
t u r e  g ives a s t r a i g h t  l i n e  corresponding t o  an a c t i v a t i o n  energy  EA^ o f  133 kJ mole-1 
and ko2 of 2.0 x 108 s-1. Actual v i s c o s i t i e s  are measured i n  the  range 1 x 103 - 
1 x lo5 Pa s. Nazem (8)  measured the  v i s c o s i t i e s  o f  carbonaceous mesophase p i t c h  a t  
around 623 Kand found them t o  be between 30 - 200 Pa s .  
10 - 1,000 i f  we assume the s o l i d s  f r e e  metaplast  has a s i m i l a r  v i s c o s i t y .  For i l l u s -  
t r a t i o n  purpose, u 
458 Ks-1 heating r a t e  (4)  . The temperature dependence o f  v i s c o s i t y  o f  the s o l i d s - f r e e  
metaplast  i s  no t  considered here. 
same form o f  dependence o f  v i s c o s i t y  on r e a c t i o n  t ime  as the observed data i n  F ig.  10. 
Fig. 12 shows t h a t  t he  ca l cu la ted  p l a s t i c  pe r iod  (smooth curve), de f i ned  as the  t ime 
i n t e r v a l  when y* c 3.6 x 104 Pa s, f i t s  t he  l abo ra to ry  data w e l l .  

The above model i s  o f  p re l im ina ry  na tu re  and o f f e r s  oppor tun i t i es  f o r  improvement. 
Weight loss has no t  been considered i n  d e f i n i n g  metaplast  concentrat ion.  
o f  metaplast  i s  described on ly  by a f i r s t  order  chemical react ion,  i . e .  phys i ca l  me l t -  
i n g  i s  neglected. 
data w i t h  this.mode1 gave a l ow 'va lue  o f   EA^ more suggestive, i n  the present  context ,  
o f  k i n e t i c s  dominated by phys i ca l  t ranspor t  o r  phase change. Fur ther ,  Equation 2 
r e l a t i n g  metaplast concentrat ion t o  r e l a t i v e  v i s c o s i t y  was der ived f o r  the h i g h l y  
s i m p l i s t i c  case o f  s o l i d  spheres. 

gated. 
sho r te r  (4.5 and 4.2 s respec t i ve l y ,  compared t o  6.4 s a t  0.1 MPa hel ium pressure) .  
The r e s o l i d i f i c a t i o n  r a t e s  f o r  both cases a re  f a s t e r  than under 0.1 MPa helium. 
Under vacuum, the metaplast  may escape f a s t e r  from t h e  p a r t i c l e ,  r e s u l t i n g  i n  sho r te r  
p l a s t i c i t y  durat ion.  High pressure may favo r  repolymer izat ion reac t i ons ,  hence the 
r e s o l i d i f i c a t i o n  ra te .  The e f f e c t  o f  h igh  pressure on f l u i d i t y  agrees w i t h  i n f e r - .  
ences by Halchuk e t  a l .  (9 )  based on analyses o f  char  p a r t i c l e s  from screen heater 
p y r o l y s i s .  They found t h a t  t he  f l u i d i t y  o f  a HVA P i t t s b u r g h  No. 9 seam coal  dur ing 
r a p i d  p y r o l y s i s  a t  76OOC was lower  a t  pressures above 0.45 MPa, than t h a t  a t  
0.1 MPa. 

Hence jj would be o f  order  

s taken t o  be 120 Pa s. Values o f  ko l  = 245 s-1 and 

Calcu lated p l a s t i c i t y  curve i n  F ig .  11 shows the  

EA = 40.7 kJ mole- i are found t o  f i t  the p l a s t i c  pe r iod  o f  the experiments a t  

Generation 

This  seems p a r t i c u l a r l y  suspect .s ince curve f i t t i n g  the present  

The p l a s t i c  behavior under vacuum and h igh  i n e r t  gas pressure was a l s o  i n v e s t i -  
For both vacuum and 3.5 MPa ambient hel ium pressure, t he  p l a s t i c  p e r i o d  i s  
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Conclusions 

A new plastometer f o r  measuring the apparent viscosity of p las t ic  coals under 
rapid-heating, high temperature conditions has been developed and found t o  give 
reproducible data t h a t  a re  generally consist  n t  with expected p las t ic i ty  behavior. 

r a t e  of disappearance fo r  a Pittsburgh No. 8 bituminous coal depended strongly on 
pressure, temperature, and h e a t i n g  ra te .  However, the in i t i a l  softening temperature 
was insensitive t o  heating rate.  Pre-extraction of the coal w i t h  pyridine a t  389 K ,  
typically yielded 25 - 30 w t %  organic matter and strongly retarded p las t ic i ty  on 
subsequent heating by delaying i t s  onset and shortening i t s  duration. 

preliminary mathematical model relating viscosity of solid-liquid suspensions t o  
the transient concentration of a plasticizing agent generated and depleted by single 
f i r s t -order  chemical reactions i n  se r ies .  
qua l i ta t ive  accord with the other observations described above. 
t i ve  prediction of metaplast molecular weights, e f fec ts  of pressure and particle 
s ize  on p las t ic i ty  , and of softening temperatures will require tha t  transport 
processes and physical melting be included i n  the modelling. 
will also be needed t o  describe other softening related phenomena, such as swelling 
and agglomeration of par t ic les  i n  coal conversion processes and the role of plasticity 
i n  1 iquefaction kinetics.  

Under rapid heating conditions (40 - 800 Ks- f ) the duration of p las t ic i ty  and i t s  

The ef fec ts  of temperature on the duration of p l a s t i c i ty  were correlated by a 

This simple kinetic picture i s  also in 
However, quantita- 

More detailed modelling 
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INTRODUCTION 

E l a s t i c  p roper t i es  o f  coal p rov ide  th ree  types o f  in format ion.  F i r s t ,  e l a s t i c  
constants such as Young modulus and Poisson r a t i o  p rov ide  essen t ia l  engineering- 
design parameters. These parameters en te r  c a l c u l a t i o n s  f o r  l oad -de f lec t i on ,  thermo- 
e l a s t i c  s t ress,  buck l i ng  i n s t a b i l i t y ,  and crack propagation. Second, e l a s t i c  con- 
s tants  prov ide va luable ma te r ia l  cha rac te r i za t i on .  They r e f l e c t  d i f f e rences  i n  
thermal-mechanical h i s t o r y ,  i n  v o i d  and crack content ,  and i n  chemical composit ion. 
Thi rd ,  e l a s t i c  constants r e l a t e  c l o s e l y  t o  i n te ra tomic  arrangements and i n t e r a t o m i c  
forces. From in te ra tomic  force constants ( " sp r ing  constants"), one can s p e c i f y  the  
complete set  o f  e l a s t i c  constants  (two f o r  i s o t r o p i c  symmetry, n ine  f o r  o r t h o t r o p i c  
symmetry). Because coal e x h i b i t s  t h ree  macroscopic orthogonal m i r r o r  p lanes,  i t  
must e x h i b i t  o r t h o t r o p i c  e l a s t i c  symmetry. Recently, f o r  i s o t r o p i c  s o l i d s ,  Ledbet ter  
[13 described e l a s t i c  constants and t h e i r  i n t e r r e l a t i o n s h i p s  w i t h  o the r  phys i ca l  
p roper t i es .  

As described by Nowick and Berry  [2 ] ,  i n t e r n a l  f r i c t i o n ,  o r  a n e l a s t i c i t y ,  
amounts t o  the imaginary p a r t  o f  e i t h e r  e l a s t i c  s t i f f n e s s  o r  e l a s t i c  compliance. 
I n t e r n a l  f r i c t i o n  mani fests  i t s e l f  i n  many ways: w i d t h  o f  a resonance peak, ampl i -  
tude decay o f  a s t ress wave, phase l a g  o f  s t r a i n  behind s t ress ,  and area w i t h i n  an 
e l a s t i c - r e g i o n  s t r e s s - s t r a i n  loop.  Each o f  these mani festat ions prov ides a poss ib le  
measurement method. I n  c r y s t a l -  
l i n e  s o l i d s ,  i n t e r n a l  f r i c t i o n  usua l l y  a r i s e s  from var ious re laxa t i ons :  p o i n t  de- 
f e c t s ,  d i s loca t i ons ,  g r a i n  boundaries, phonons, magnetoelastic coupl ings,  and e lec-  
t r o n  con f igu ra t i ons .  I n  amorphous polymers, t he  p r i n c i p a l  r e l a x a t i o n  a r i s e s  from 
the glass t r a n s i t i o n ,  a t t r i b u t e d  t o  large-scale rearrangements o f  the p r i n c i p a l  
polymer chain. 
s ide  groups capable o f  independent h indered r o t a t i o n s .  
Decker [3],  Fig.  1 shows f o r  f o u r  polymers the i n t e r n a l  f r i c t i o n  versus temperature, 
which we o f t e n  c a l l  the mechanical- loss spectrum. Most polymers f i t  t h e  general 
p a t t e r n  suggested i n  F ig .  1. 

Recently, Szw i l sk i  [4 ]  descr ibed a method f o r  determining the  a n i s o t r o p i c  e las-  
t i c  moduli o f  coal. He repor ted seven prev ious s tud ies o f  c o a l ' s  e l a s t i c  constants. 
Besides these seven, a t  l e a s t  s i x  o the r  experimental s tud ies  e x i s t :  Constantino and 
Tret tenero [5 ]  and Wert, Wel ler ,  and Volker  [6-101. 

Wert and Wel ler  [6-10] used a t o r s i o n a l  pendulum a t  f requencies near 1 Hz t o  

As descr ibed below, we used resonance-peak width. 

A t  lower temperatures, one observes secondary r e l a x a t i o n s  caused by 
Adapted from Houwink and de 

measure between 10 and 450 K t he  temperature dependence o f  both t h e  t o r s i o n a l  modu- 
l u s ,  G, and the i n t e r n a l  f r i c t i o n ,  t an  6 = Q-'. These authors were f i r s t  t o  r e p o r t  
c o a l ' s  i n t e r n a l - f r i c t i o n  spectrum, which revea ls  mechanica l - re laxat ion phenomena. 
See Fig. 2. 
model f o r  coal. I n  the above temperature range, these authors detected th ree  peaks 
(denoted a ,  p ,  y)  and poss ib le  evidence f o r  a low-temperature peak ( 6 )  near 50 K. 
These peaks correspond c l o s e l y  t o  those observed i n  most polymers. Wert and We l le r  
[7] ascr ibe the a-peak t o  massive motion o f  macromolecules, r e l a t e d  probably  t o  the  

Based on t h e i r  experimental s tud ies ,  We l le r  and Wert support a po lymer ic  

1 2 7  

k 



glass t rans i t ion .  
units,  perhaps associated with water. 
reorientation o f  segments of a l inear section of CH, units.  
decreases w i t h  coa l ' s  increasing carbon content (rank). 

They ascribe the p-peak to  reorientation under s t r e s s  of side 
They ascribe the y-peak t o  twisting or other 

They believe this peak 

The present study re la tes  closely t o  those of Wert and Weller [6-101. The 
principal differences a re  three: 
approximately 40 in  volume. 45 kHz t o  the i r  1 Hz. 
(3) We studied a Young-modulus (extensional) deformation mode while they studied a 
torsional mode. Twisting induces no volume changes while uniaxial s t r e s s  involves 
both shear and d i la ta t ion .  

(1) We used larger specimens by a factor of 
(2) We used higher frequencies: 

MATERIAL 

We studied a high-volatile Eastern-Kentucky bituminous coal studied previously 
by Wert and Weller [7], who reported a composition of 81.8% carbon (wt. pct. daf). 
Specific gravity measured a t  293 K by Archimedes's method was 1.316. 

SPECIMENS 

We prepared square-cross-section rod specimens, 0.48 cm by 2.43 cm, by sawing. 
The specimen reported on here lay in the coa l ' s  bedding plane and along the major 
c l ea t  direction. 
nible s t r i ae  and longitudinal markings. 

We determined t h i s  orientation visually,  based on eas i ly  discer- 

MEASUREMENTS 

For measuring the Young modulus, E ,  and internal f r i c t ion ,  Q - l ,  we used a Marx- 
composite-oscillator method [11-14]. 
resonance frequency was 45 kHz. 
and 100 kHz in the fundamental mode. Using overtones permits higher frequencies. 
Cooling t o  liquid-nitrogen temperature (76 K) was achieved w i t h  a probe-and-dewar 
arrangement described elsewhere [13]. 
re1 a t i  ons hip 

A t  T = 293 K ,  the composite-oscillator 
Our version of t h i s  apparatus operates between 20 

To obtain the Young modulus, one uses the 

where p denotes mass density,  fo  specimen resonance frequency fo r  the fundamental 
(half-wavelength) mode, and 1 specimen length. 
the rod cross-section i s  immaterial, i f  i t  i s  uniform along the specimen length. 
obtain internal f r i c t ion ,  one uses the relationship 

In a Young-modulus deformation mode, 
To 

where f l  and f, denote the frequencies a t  the half-power points of the resonance 
peak and fo denotes resonance frequency. 
s t r a in  amplitude detected as the voltage generated in a piezoelectric quartz gage 
c rys ta l .  
were 2 K/min. 
ments made a t  lower cooling ra tes  should show less sca t te r .  

precludes a precise statement. 
Q-l w i t h i n  about 20 percent. 

T h u s ,  versus frequency, one measures 

We did not correct for coa l ' s  contraction during cooling. Cooling rates 
Measure- A sweep over the resonance-frequency range requirad 40 s. 

Concerning measurement uncertainties,  o u r  limited experience with t h i s  material 
We guess t h a t  E i s  accurate within a few percent and 

Scatter in Fig. 3 indicates the imprecisions. 
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RESULTS 

i Figure 3 shows the principal results: E and Q-' versus temperature between 293 
and 76 K. We show E as a dimensionless ratio to the ambient-temperature value. 

DISCUSSION 

Our ambient-temperature value, E = 6.4 GPa, exceeds considerably the range for 
coal reported by Constantino and Trettenero [5], 3.0 to 4.5 GPa, measured perpen- 
dicular to the bedding plane. But it falls within the 2.1to 9.5 GPa range reported 
by Szwilski [4] for the bedding plane. To minimize effects of microcracks, Szwilski 
applied a small confinement force, which would not affect the intrinsic elastic 
constant. Compared with polymers, this Young modulus is only slightly lower. For 
example, for four technical polymers, Athougies et al. [15] reported the dynamic 
Young modulus which showed a range of 7 to 9 GPa. 

E 1.7, lies considerably below the torsional-modulus increase found by Wert and 
Weller [7], G(O)/G(293) E 2.6. 
through the bulk modulus, B: 

The extrapolated increase in E during cooling to zero temperature, E(O)/E(293) 

For isotropic materials, E and G relate simply 

E = 9BG/(3B+G). (3) 

By differentiation 

Taking the Poisson ratio to be 1/3, then [l] 

Thus, the large AG/G relative to AE/E must arise from another source, not from a 
smaller AB/B change, which contributes approximately one-ninth. 
four possible sources: measurement frequency, strain amplitude, temperature- 
dependent relaxation strength, and material anisotropy. Without further study, we 
can not comment on these possibilities. 

One can identify 

Usually, one can describe the E(T) behavior by a relationship [16] 

E(T) = E(0) - s/exp (UT) (6) 

where E(0) denotes zero-temperature Young modulus, s an adjustable parameter related 
to zero-point vibrations, t the Einstein temperature, and T temperature. This rela- 
tionship fits the E(T) measurements only approximately because o f  the irregularities 
in E(T) that arise from cooling through some relaxation mechanisms, principally the 
y peak. From a least-squares fit to the E(T) results shown in Fig. 3, we obtain t = 
345 K, a rough estimate of coal's effective Einstein temperature. In a preliminary 
study, Merrick [171 modeled coal's specific heat with an Einstein model. 
the usual Einstein-model interpretation: "the characteristic temperatures . . . 
reflect the average properties of the bonds." 
Merrick obtained t = 1200 K. 
model with tl = 380 K and t, = 1800 K. 
forces: strong forces within layers and weaker forces between layers. It gives a 
lower c (T) curvature and better agreement with measurement. 

He made 

For the temperature range 0-800°C, 

This model recognizes anisotropic binding 
A second approach used a two-Einstein-temperature 

We compare these 
P 
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r e s u l t s  w i t h  g r a p h i t e  where 
C44 e l a s t i c  cons tan t  t o  p r e d i c t  t h a t  tl = 135 K and ti; = 1860 K. 
c h a r a c t e r i s t i c  temperature as t h e  upper bound o f  any l a t t i c e ”  v i b r a t i o n s  repre- 
sent ing  b ind ing  fo rces  i n  coa l .  
E ins te in  temperature o f  diamond [l], where the  carbon-carbon te t rahedra l -cova len t  
bond s t rength  exceeds t h a t  o f  any o the r  known mate r ia l .  

F igure  3 shows a broad peak centered near 
240 K, which we i n t e r p r e t  as the  Wert-Weller y peak detected a t  130 K. 
(3.5-5) i n  Nowick and Ber ry  

Komatsu [la] used a l a t t i c e - v i b r a t i o n  model and t h e  
We take  t h i s  l a t t e r  

A b e t t e r  upper bound may a r i s e  from t h e  t = 1680 K 

We t u r n  now t o  i n t e r n a l  f r i c t i o n .  
From eq. 

Q = k I n  (wz/wl) ( T - 1  - T-1)’’ 
P1 Pz (7) 

where k denotes Boltzmann’s constant,  Q denotes a c t i v a t i o n  energy, IN denotes angular 
frequency, and T denotes peak temperature, we ob ta in  Q = 0.26 eV compared w i t h  0.18 
eV obtained by  W h l e r  and Wert [lo]. 

The upturn  i n  F ig .  3 j u s t  above 76 K s i g n i f i e s  a s t rong low-temperature (6) 
peak on ly  suggested i n  some o f  t he  Wert-Weller s tud ies .  
study by  coo l i ng  t o  lower temperatures. 
study because our h i g h e r  measurement frequency (by a f a c t o r  o f  5.1OS) approaches 
more c lose ly  t h e  6-peak resonance frequency. 

Th is  peak requ i res  f u r t h e r  
Th is  6 peak may appear s t ronger  i n  our 

From eq. (3.5-4) i n  Nowick and Berry 

where to = u0’l denotes a fundamental r e l a x a t i o n  t ime and uo a fundamental frequency 
re la ted  t o  a mechan ica l - re laxa t ion  mechanism. Thus, a lower T corresponds t o  
e i t h e r  lower Q o r  lower uo. Lower T usua l l y  corresponds t o  aPsmaller v i b r a t i n g  
u n i t .  P 

CONCLUDING REMARKS 

Given t h a t  coal  i s  a polymer, then t h e  enormous body o f  p r e - e x i s t i n g  polymer 
physics should t r a n s f e r  t o  coal .  
c a l  models (Ke lv in ,  Maxwell, etc.  ), molecular i n t e r p r e t a t i o n s ,  s t r u c t u r e  geometry, 
v i s c o e l a s t i c i t y  theory ,  and a n i s o t r o p i c  phenomena. Many books summarize the  s ta te  
o f  polymer physics;  severa l  r e l a t e  e s p e c i a l l y  t o  dynamical-mechanical p roper t ies :  
A l f rey  [191, Tobolsky [20], Fer ry  [21], Hei jboer  [223, McCrum, Read, and Wi l l iams 
[231, Christensen [24], Ward [25], Baer and R a d c l i f f e  [26], Nie lsen [27], Read and 
Bean 1281, and Murayama C.291. 

those between s t r u c t u r e  and macroscopic p roper t i es .  
summarized the  dynamical-mechanical studies:  

This phys ics  inc ludes  measurement methods, mechani- 

From the  mater ia ls -sc ience viewpoint ,  t he  most impor tan t  r e l a t i o n s h i p s  are 
For polymers, Murayama [29] 

The i n v e s t i g a t i o n  o f  the dynamic modulus and i n t e r n a l  f r i c t i o n  over a wide 
range o f  temperatures and frequencies has proven t o  be very  use fu l  i n  studying 
the s t r u c t u r e  o f  h igh  polymers and t h e  v a r i a t i o n s  o f  p r o p e r t i e s  i n  r e l a t i o n  t o  
end-use performance. These dynamic parameters have been used t o  determine the  
glass t r a n s i t i o n  reg ion ,  r e l a x a t i o n  spectra,  degree o f  c r y s t a l l i n i t y ,  molecular 
o r i en ta t i on ,  cross1 ink ing ,  phase separat ion,  s t r u c t u r a l  o r  morphological  changes 
r e s u l t i n g  from processing, and chemical composi t ion i n  polyblends, g r a f t  po ly -  
mers, and copolymers. 
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Thus, one expects s i m i l a r  poss ib le  r e s u l t s  i n  app ly ing  dynamical-mechanical methods 
t o  coal .  

coa l ' s  e l a s t i c  constants and mechanica l - re laxat ion spectrum i n  a Young-modulus mode 
a t  k i l o h e r t z  frequencies. 

Boyer C301 po in ted  o u t  t h a t  i n  s tudy ing the  r e l a x a t i o n  spect ra o f  polymers one 
can focus on f i v e  d i f f e r e n t  aspects: 
t r a  as a cha rac te r i za t i on ;  (3) spect ra features common t o  many ma te r ia l s ;  (4) cor-  
r e l a t i o n  o f  l oss  peaks w i t h  o the r  phys i ca l  and mechanical p roper t i es ;  (5) molecular 
mechanisms o f  loss peaks. 
c r y s t a l l i n i t y ,  measurement frequency, ex te rna l  f o rce  f i e l d ,  molecular  o r i e n t a t i o n ,  
and o the r  var iab les.  

(1) r e f i n e  our  
p re l im ina ry  measurements and extend them t o  bo th  lower and h ighe r  temperatures; (2) 
determine t h e  complete nine-component e las t i c - cons tan t  tensor ;  (3) at tempt  t o  r e l a t e  
the  mechanica l - re laxat ion peaks t o  mechanisms; (4) determine by measurement t h e  
changes o f  these peaks produced by va r iab les  such as moisture, heat ing,  aging; (5) 
poss ib l y  r e l a t e  m ic ros t ruc tu re  t o  phys i ca l  p roper t i es ;  (6) model t he  macroscopic 
e l a s t i c  constants i n  terms o f  those o f  cons t i t uen ts ;  (7) determine complete damping 
tensor ;  (8) focus e s p e c i a l l y  on the  low-temperature &peak, which appears l a r g e r  i n  
our  measurements than i n  prev ious ones. 

Our p re l im ina ry  measurements show t h a t ,  by dynamic methods, one can measure 

(1) experimental methods; (2) i n d i v i d u a l  spec- 

The second aspect inc ludes e f f e c t s  o f  thermal h i s t o r y ,  

Fur ther  s tud ies a t  NBS cou ld  i nc lude  e i g h t  p r i n c i p a l  e f f o r t s :  
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Fig. 3. Dynamic Young modulus and internal friction versus temperature measured 
near 50 kHz. A strong mechanical relaxation (y)  occurs near 240 K. A 
strong low-temperature peak (6) is suggested below 75 K. 
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THE USES OF DIELECTRIC SPECTRA AND IMMERSIONAL 
CALORIMETRY IN THE CHARACTERIZATION OF LOW-RANK COALS 

C. Tye, R. Neumann, and H.H. Schobert 

University of North Dakota Energy Research Center 
Box 8213, University Station 

Grand Forks, North Dakota 58202 

Introduction 

Moisture i n  low-rank coals i s  believed t o  involve a t  l eas t  two fundamentally 
different mechanisms for  binding water t o  the coal matrix (1).  The f i r s t  type of 
moisture behaves a s  i f  were "free";  t h e  vapor pressure versus temperature behavior 
is t h a t  of pure water. The second type occurs a t  s i t e s  where i t  i s  bound more 
t i gh t ly ,  resulting in  a lowering of the vapor pressure relative t o  t ha t  of pure 
water a t  the same temperature. Such moisture may be hydrogen bonded t o  oxygen- 
containing functional groups o r  i t  may be incorporated as water of hydration of ion- 
exchangeable cations. There might also be t igh t ly  entrained moisture, i n  the  pore 
structure,  between the thermodynamical ly  "free" moisture and the chemically bonded 
moisture. The objective of our work was to  investigate the  application of two 
experimental techniques, d ie lec t r ic  re1 axation spectroscopy and immqrsional 
calorimetry, t o  the  characterization of moisture content and pore structure of low- 
rank coals. 

Dielectric techniques can sometimes prove valuable in studying bulk matter 
containing specific polar molecules (2, 3) .  Fran a theoretical  standpoint, a 
parallel plate capacitor with a vacuum between i t s  electrodes ceases t o  behave as a 
pure capacitance ( a t  all  frequencies) when a condensed matter d ie lec t r ic  i s  
inserted. If a n  al ternating voltage i s  applied to  the  capacitor containing a 
d i e l ec t r i c ,  the current and voltage will no longer be precisely n /2  radians out of 
phase, n/2 being the value fo r  a vacuum-filled capacitor. The dfgree of departure 
fran n / 2  radians as expressed by the angle 6, depends on the  lossyness" of the  
d ie lec t r ic  . 

The process of absorption (defined as the concentration of a substance on  a 
surface where the substance, the absorbate, i s  in a gas o r  liquid form and the  
absorbent a so l id)  i s  spontaneous and i s  characterized by a f a l l  in the entropy of 
t he  system and a decrease in surface f ree  energy. This necessitates the absorption 
process to  be exothermic, the  resultant energy being referred to  as  the heat of 
immersion or heat of wetting. Therefore the  exothermic heat l iberated when a porous 
solid i s  immersed in a liquid i s  related t o  the surface energy of the solid and the 
measurement of i t  can be used t o  determine the  surface area of various solid 
samples. 

Apparatus and Materials 

( a )  Dielectric Cell. 
The d ie lec t r ic  ce l l  was constructed from two s ta in less  steel electrodes 

attached t o  corresponding outer s ta in less  steel  supports by means of a screw 
sandwiching a disk of insulating Teflon ( see  Figures 1 and 2 ) .  One electrode was 
63  mm in diameter. The other, 50 nun in diameter, was surrounded by a 6 mm wide 
s ta in less  steel annulus fran which i t  was insulated by Teflon tape.  This outer 
guard r i n g  was kept a t  ground potential to  eliminate fringing f i e l d s ,  edge effects 
and surface conduction across the d ie lec t r ic  being studied. The impedance measuring 
i nStrUment used was a General Radio 1621 precision capacitance measuring system. 
This experimental setup enables the  measurement of the equivalent para1 le1 
capacitance and resistance of the cell t o  be made a t  a given temperature and 
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frequency. For t h e  subambient temperature measurements, t h e  c e l l  was placed i n  a 
styrofoam box and cooled w i t h  l i q u i d  n i t r o g e n  t o  t h e  s t a r t i n g  temperature. 

( b )  D i f f e r e n t i a l  Calorimeter. 
The d i f f e r e n t i a l  ca lo r ime te r  cons is ts ,  i n  essence, o f  two d i s c r e t e  u n i t s ,  each 

a ca lor imeter  i n  i t s  own r i g h t  (see Figures 3 and 4). Each would have i t s  own 
( i d e n t i c a l  t o  t he  o the r )  paddle s t i r r e r  mechanism, heater  c i r c u i t ,  temperature 
sensing c i r c u i t  and Dewar f l ask .  This t w i n  ca lor imeter  u n i t  would then be operated 
i n  d i f f e r e n t i a l  mode; i.e., a s i m i l a r  amount o f  wet t ing l i q u i d  would be put i n t o  
each ca lor imeter  Dewar, t h e  ca lor imeters being imbedded i n  a metal heat s i n k  f o r  t h e  
thermal s t a b i l i t y  required, and t h e  coal o r  carbon sample would be added t o  one 
Dewar. The temperature measuring c i r c u i t  cons i s t s  o f  a p a i r  o f  matched the rm is to rs ,  
i nse r ted  i n t o  opposing arms o f  a Wheatstone bridge. Thus t h e  heat l i b e r a t e d  when the 
s o l i d  sample was added t o  t h e  working Dewar would upset t h e  balance cond i t i ons  of 
t he  Wheatstone br idge due t o  the  res i s tance  change o f  t h e  working Dewar's 
thermistor ,  w i th  respect t o  t h e  reference Dewar's the rm is to r  res is tance,  and would 
produce an out-of-balance cu r ren t  t h a t  can be d i r e c t l y  measured on a potent iometr ic  
cha r t  recorder. This method o f  temperature measurement has t h e  advantage t h a t  i t  i s  
referenced t o  ambient condi t ions ard not ,  f o r  example, t o  t h e  temperature o f  me l t i ng  
ice. The heat s ink  was fab r i ca ted  from a 38 x 30 x 23 cm aluminum block. Two holes 
were bored i n  the  heat s ink o f  diameter s l i g h t l y  l a r g e r  than t h e  diameter o f  t h e  
Dewars, t o  enable them t o  be e a s i l y  lowered ins ide .  The s t i r r i n g  mechanism was 
designed t o  r a p i d l y  mix t h e  mater ia l  t o  be tested w i t h  t h e  wet t ing l i q u i d ,  producing 
a maximum dispers ion o f  t h e  ma te r ia l  i n  t h e  l i q u i d  w i t h  a minimum product ion o f  heat 
fran the work o f  s t i r r i n g .  The work o f  s t i r r i n g  should i d e a l l y  be constant. The 
r o t a t i n g  paddle type of s t i r r e r  was used, t he  g lass paddle being mounted i n s i d e  a 
guide tube which was i n  t u r n  supported i n  a ground g lass  cone. 

( c )  Coal Samples. 
Two coals  were chosen f o r  study: Gascoyne (Nor th  Dakota) l i g n i t e  and Yampa 

(Colorado) subbituminous. The samples were obtained f r a n  t h e  U n i v e r s i t y  o f  North 
Dakota Energy Research Center coal sample l i b r a r y .  Composition da ta  i s  g iven i n  
Table I .  

Testing Procedures 

(a )  D i e l e c t r i c  Ceasurement. 
Samples o f  several forms were used i n  t h e  d i e l e c t r i c  c e l l .  I n i t i a l  t e s t s  were 

performed w i th  63  nnn diameter, 3 mn t h i c k  d isks o f  coal sawn from s o l i d  blocks. 
Subsequent work invo lved 16, 30, 60, and -60 mesh powders. The connected and loaded 
c e l l  was lowered i n t o  t h e  styrofoam box and l i q u i d  n i t rogen  added t o  coo l  t h e  c e l l  
and contents t o  around -190OC. The capacitance br idge was balanced and then the 
c e l l  was allowed t o  warm up, du r ing  which t ime  t h e  measurements o f  T, temperature; 
F, frequency; C, capacitance, and G, conductance were performed. These var iab les 
would then subsequently be i nse r ted  i n t o  Equation 1 t o  determine t h e  phase s h i f t  t an  
6 a t  a given frequency. The phase s h i f t ,  expressed as the  phase angle between 
voltage and current ,  i s  a f u n c t i o n  o f  t h e  s p e c i f i c  res is tance o f  t h e  coa l ,  which i n  
t u r n  i s  daninated by t h e  presence o f  i t s  conductive phase, water. 

t a n  6 =  2nFC 1 )  

A t y p i c a l  experiment invo lved t a k i n g  data over a temperature range o f  -170' t o  
0°C a t  0.1, 1.0 and 10.0 kHz. The temperature was measured by means o f  a chranel- 
alumel thermocouple attached t o  t h e  guard r i ng .  P lo ts  o f  t a n  6 against  temperature 
y ie lded  t h e  requi red d i e l e c t r i c  spectra f o r  t h a t  frequency. 
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Table I .  -. Charac te r i s t i cs  o f  Coal Samples. 

Sample Ga scoyne Yampa 

Rank L i g n i t e  Subbi tumi nous 
Mine Location Bowman Co., North Dakota Routt Co., Colorado 
Heating Value (maf) , B t u / l  b 11677 13524 

Proximate Analysis, (As Rec‘d); wt%: 
Moisture 
V o l a t i l e  Mat ter  
Fixed Carbon 
Ash (ASTM) 

Carbon 
Hydrogen 
Ni t rogen 
Oxygen 
Su l fu r  

U l t ima te  Analysis (maf) ; wt%:  

37.60 
29.06 
0.00 
9.70 

69.05 
4.73 
1.04 

23.15 
2.03 

10.30 
32.20 
44.00 
13.50 

60.81 
4.50 
2.53 

11.30 
0.79 

( b )  D i f f e r e n t i a l  Calor imetry .  
The technique used w i t h  t h e  d i f f e r e n t i a l  ca lo r ime te r  was t o  add 75 m l  o f  

wet t ing f l u i d  (methanol o r  t e t r a l i n )  t o  each o f  t he  c lean,  d ry  Dewar vessels. The 
top  sections, canplete w i t h  sensing and s t i r r i n g  apparatus were then lowered i n t o  
t h e  Dewars. Two grams o f  sample i n  a stoppered b o t t l e  was placed on t o p  o f  t h e  heat 
sink so t h a t  i t  could a t t a i n  t h e  same temperature as the  r e s t  o f  t h e  system. The 
char t  recorder was s t a r t e d  a f t e r  t h e  b r idge  had been adjusted t o  i t s  optimum 
operat ing c o r d i t i o n s  (250  mV). When t h e  temperature remained constant, shown by a 
s t r a i g h t  ho r i zon ta l  l i n e  on t h e  t race,  t h e  c a l i b r a t i o n  heater  was switched on f o r  60 
seconds ( A  t o  B, F igu re  5). During t h i s  time, t h e  vo l tage across the  heater  and the 
current  passing through it were determined. A f t e r  a reasonable po r t i on  o f  t he  
cool ing curve had been recorded f o r  ex t rapo la t i on  purposes (B t o  C, F igure 5 ) ,  the 
weighed sample was in t roduced t o  t h e  working Dewar by means o f  t h e  funnel mounted i n  
the  cone ( C  t o  D, F igu re  5). A reasonable p o r t i o n  o f  t h e  cool ing curve was again 
recorded (D t o  E, F igu re  5) and l a t e r  another app l i ca t i on  o f  t h e  heater  f o r  a known 
t ime per iod was appl ied t o  the  working Dewar w i t h  t h e  r e s u l t i n g  temperature r i s e  (E 
t o  F, F igure 5). 

The heat o f  we t t i ng  i n  c a l o r i e s  per  gram i s  g iven by: 

where V i s  t h e  heater  vo l tage i n  v o l t s .  
I i s  t h e  hea te r  cu r ren t  i n  amps. 
T i s  t h e  t i m e  t h e  heater  was switched on f o r  ( i n  seconds) 

which produced t h e  corrected temperature d e f l e c t i o n  o f  “h. 
ow i s  t h e  co r rec ted  temperature d e f l e c t i o n  when the  sample was 

wetted w i t h  t h e  we t t i ng  l i q u i d .  
J = A constant  = 4.18 j o u l e s  per ca lo r i e .  
W = weight o f  sample i n  grams. 
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Note t h a t  t he  second a p p l i c a t i o n  o f  t h e  heater  ( a f t e r  t h e  a d d i t i o n  o f  t he  
sample) w i l l  always produce a lower de f l ec t i on ,  due t h e  c o n t r i b u t i o n  o f  t h e  sample 
t o  t h e  t o t a l  s p e c i f i c  heat capaci ty  o f  t h e  Dewar and contents. The expression f o r  
descr ib ing t h e  thermal capaci ty  o f  t h e  system i s :  

C = CF + MLSL + McSc 3) 

where C = thermal capaci ty  o f  system, 
CF = thermal capaci ty  o f  f i x e d  apparatus i n  t h e  Dewar 

(heat  supports, s t i r r e r ,  Dewar, etc.), 
ML = mass o f  l i q u i d ,  
SL = s p e c i f i c  heat  capaci ty  o f  we t t i ng  l i q u i d ,  
Mc = mass o f  s w p l e ,  
Sc = s p e c i f i c  heat capaci ty  o f  sample. 

It should the re fo re  be poss ib le  t o  get an idea o f  t h e  heat capac i t y  o f  t h e  
sample by t h e  d i f f e r e n c e  i n  de f l ec t i ons  between t h e  f i r s t  and second app l i ca t i ons  o f  
t h e  c a l i b r a t i o n  heater. 

The heat o f  wet t ing pe r  u n i t  area f o r  any g iven l i q u i d  on a p a r t i c u l a r  surface 
i s  a constant f o r  t h a t  l i q u i d  provided t h e  l i q u i d  wets t h e  sur face o f  t h e  s o l i d  
per fect ly .  The value o f  t h i s  constant i s  g i ven  by Bond and Spencer (4) as 10.7 f o r  
methanol. I n  order  t o  conver t  t h e  heat  o f  wet t ing r e s u l t s  i n t o  sur face areas, Bond 
and Spencer measured the  heat  o f  wet t ing o f  a non-porous arbon b lack having a 
surface area o f  230 m2/gm. Thus, t h e  heat o f  we t t i ng  per nf = 10.7/230 ca lo r i es .  
A l t e r n a t i v e l y ,  1 c a l o r i e  o f  heat  i s  l i b e r a t e d  when 21.5 m o f  carbon sur face i s  
wetted by methanol. 

The corrected temperature r i s e s  were obtained (6) b y  ex t rapo la t i ng  t h e  cool ing 
curve u n t i l  it crossed t h e  v e r t i c a l  l i n e  drawn from t h e  po in t  h e n  t h e  heater  was 
i n i t i a l l y  switched on, o r  t h e  po in t  when t h e  coal was added. I n  t h i s  way t h e  e f f e c t  
o f  t h e  coo l i ng  o f  t h e  Dewar, which would occur du r ing  t h e  t ime  t h e  heater  was on, 
would be n u l l i f i e d .  Therefore, each t ime  t h e  heater  was turned on o r  t h e  coal was 
added, enough t ime had t o  elapse af terwards f o r  a representat ive amount o f  t h e  
cool ing curve t o  be recorded f o r  an accurate ex t rapo la t i on  t o  be made. This 
v e r t i c a l  d is tance would be measured and t rea ted  as t h e  co r rec ted  temperature r i s e .  

I n  most cases, t h e  slope o f  t he  temperature against  t ime curve be fo re  and a f t e r  
heat i npu t  was the  same, making t h e  actual  t ime a t  r h i c h  t h e  co r rec ted  temperature 
r i s e  was determined not  c r i t i c a l .  

Resul ts  and Discussion 

F igure 6 shows t h e  t a n  6 versus temperature behavior  f o r  a Yampa (Colorado) 
subbituminous coal o f  10% t o  12% moisture; t h e  coal had been s to red  under water and 
a i r - d r i e d  be fo re  i n s e r t i o n  i n t o  the  c e l l .  No appreciable weight l o s s  occurred 
du r ing  a i r  drying. Between -60" and O°C (no t  shown) t h e  t a n  6 increases wi thout  
bound; t h i s  i s  most l i k e l y  caused by an i o n i c  double l a y e r  formed by mobi le  ions 
present i n  t h e  coal. The peaks show a simple Debye-l ike behavior i n  t h a t  t hey  are 
r e l a t i v e l y  narrow and t h e  temperature maxima s h i f t  t o  h ighe r  temperatures w i t h  
increas ing frequency. The s o l i t a r y  curve a t  t h e  bottcm o f  t h e  f i g u r e  i s  a 0.1 kHz 
t a n  6 p l o t  f o r  t he  same sample a f t e r  i t  had been f reeze-dr ied f o r  two days a t  i o  
microns pressure. The t o t a l  l o s s  o f  mois ture was approximately 10% o f  t h e  o r i g i n a l  
weight o f  t h e  coal. The canplete l oss  o f  t h e  l a rge  d i spe rs ion  upon water  removal i s  
taken t o  be evidence t h a t  t h e  d i spe rs ion  i s  indeed caused by t h e  r e l a x a t i o n  o f  water 
molecules. When t h e  coal sample was recons t i t u ted  w i t h  water a f t e r  freeze-drying, 
t h e r e  was no s i g n i f i c a n t  d i f f e rence  i n  d i e l e c t r i c  spect ra w i t h  t h e  o r i g i n a l  spectra 
f r a n  t h e  mine f resh  sample. F igure 7 shows t h e  d i e l e c t r i c  c h a r a c t e r i s t i c s  o f  t h i s  
Yampa coal on removing and rep lac ing  t h e  mois ture f o r  one frequency. 
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Figure 8 i s  t h e  r e s u l t a n t  d i e l e c t r i c  spectra o f  t h e  Gascoyne l i g n i t e  sample. 
Here there are two d i s t i n c t  sets  o f  peaks; one set  a t  -102', -92", and -8OoC, t h e  
o t h e r  set  a t  -60°, -50", and -36'C. The l a t t e r  s e t  i s  l i k e l y  a t t r i b u t a b l e  t o  t h e  
presence o f  macroscopic c r y s t a l s  of ice. Accurate d i e l e c t r i c  measurements on pure 
b u l k  i c e  have placed t h e  spectrum i n  t h i s  v i c i n i t y  (A). Figure 9 presents t h e  
spectrum o f  t h e  same l i g n i t e  a f t e r  a i r  d ry ing  f o r  several days u n t i l  a constant 
weight had been achieved. The upper se t  o f  peaks i s  missing and t h e  lower se t  
appears a t  -108', -loo", and -90°C. The peak l oca t i ons  a r e  v i r t u a l l y  i d e n t i c a l  t o  
those i n  t h e  Colorado subbituminous coal. F i n a l l y ,  f reeze-dry ing resul ted i n  the  
l o s s  o f  more water and produced t h e  1 kHz spectrum shown a t  t h e  bo t tan  o f  t h e  
Figure. Note again t h e  evidence f o r  assoc iat ing t h e  l a r g e  r e l a t i v e  maxima w i t h  t h e  
presence o f  water. 

When t h e  Gascoyne sample was recons t i t u ted  wi th  water a f t e r  freeze-drying, two 
d i s t i n c t  se t  o f  peaks were again apparent; t h e  spectrum was no t  s i g n i f i c a n t l y  
d i f f e r e n t  f r a n  t h a t  o f  F igure 8. These experiments i r d i c a t e  t h a t  t h i s  l i g n i t e  
incorporates 80% o f  i t s  mois ture i n  a loosely-bound form which freezes t o  i c e  below 
0°C and t h a t  t h e  remaining 20% i s  present i n  t h e  coal poss ib l y  as water o f  
hydration, which does no t  c r y s t a l l i z e  i n t o  ice.  The Colorado subbituminous coal 
contains on ly  the  l a t t e r  type o f  bound moisture. These r e s u l t s  a re  consis tent  w i t h  
t h e  conclusion about two types o f  bound water, based on vapor pressure s tud ies (3). 

Samples o f  -60 mesh Yampa subbituminous arid Gascoyne l i g n i t e  were tested to-see 
what e f f e c t  powdering had on t h e  d i e l e c t r i c  spect ra l  q u a l i t y .  The spectra displayed 
i n  Figures 10 ard 11, respec t i ve l y ,  show resolved t a n  6 peaks a t  approximately the  
same temperature l o c a t i o n s  observed f o r  t h e  s o l i d  d isk experiments. This proves 
t h a t  the powdered coal samples show t a n  6 peaks o f  s u f f i c i e n t  q u a l i t y  t o  a l l e v i a t e  
t h e  need f o r  preparing s o l i d  d i sk  samples. 

A se r ies  o f  experiments were coduc ted  t o  t e s t  t h e  e f f e c t  o f  d i f f e r e n t  mesh 
s i zes  o f  coal  granules on spec t ra l  peaks and spect ra l  q u a l i t y ,  t o  determine i f  
p a r t i c l e  s i ze  had an e f f e c t  on the  type o r  amount o f  water content  o f  t h e  coal. 
Yampa (Colorado) subbituminous was sieved i n t o  mesh s izes 16, 30, 60, and f i n e s  less 
than  -60. The spect ra l  q u a l i t y  f o r  t h e  f i r s t  s e t  o f  peaks (presumably Corresponding 
t o  the t ight ly-bound water o f  hydrat ion)  improves as t h e  s i ze  o f  t h e  specimen 
p a r t i c l e  decreases. The spect ra l  peaks a r e  much more c l e a r l y  def ined f o r  t he  -60 
mesh s i ze  than f o r  those a t  16 mesh. 

The i n t e r p r e t a t i o n  o f  t h e  d i e l e c t r i c  spect ra ard c o r r e l a t i o n s  o f  d i e l e c t r i c  
r e s u l t s  w i th  o the r  measurable coal c h a r a c t e r i s t i c s  i s  s t i l l  i n  progress. However, 
t he  size, l o c a t i o n ,  and number o f  peaks i n  d i e l e c t r i c  spect ra prov ide a s i g n i f i c a n t  
quan t i t y  of i n fo rma t ion  on t h e  s t a t e  and behavior o f  t h e  c o a l ' s  i n t r i n s i c  moisture. 
There a re  many ways i n  which water may be attached t o  t h e  coal, e i t h e r  l oose ly  as 
water i n  t h e  pore s t r u c t u r e  o r  chemical ly  bonded t o  t h e  coal  ma t r i x  as, f o r  example, 
water of hydration. Measurement o f  d i e l e c t r i c  p roper t i es  o f  t h i s  water present i n  
t h e  coal has i n d i c a t e d  t h e  d i s t i n c t i o n  between a t  l e a s t  two o f  t h e  mechanisms o f  t h e  
water bordi ng . 

A sample o f  t h e  Gascoyne l i g n i t e  was tested i n  t h e  immersion ca lo r ime te r  w i t h  
methanol. I t s  heat output  (determined from Figure 12) was found t o  be 65.74 j ou les  
Per gram (15.49 c a l o r i e s  per  gram). Using a 10.7 conversion f a c t o r  (4) gives a 
surface area o f  165.72 m2gm-l. A s i m i l a r  sample o f  Yampa subbituminous coal was 
tested and gave r i s e  t o  t h e  output shown i n  F igu re  13. It i s  i n t e r e s t i n g  t o  note 
t h e  key dif ference between these two f i gu res ,  t h a t  o f  t h e  near l y  instantaneous heat 
Output of t h e  l i g n i t e  ( t h e  exothermic heat o f  we t t i ng  was l i b e r a t e d  i n  a few 
seconds) i n  canparison w i t h  t h a t  o f  t h e  subbituminous coal .  I n  t h e  l a t t e r  case, t h e  
heat output occurred over  several hours, presumably as t h e  methanol we t t i ng  l i q u i d  
explored t h e  system o f  micropores which were approaching molecular dimensions. The 
speci f ic  and corresponding sur face area were not  ca l cu la ted  due t o  t h e  d i f f i c u l t y  i n  
obta in ing a co r rec ted  temperature d e f l e c t i o n  ow from Figure 13. 

Further  t e s t i n g  was c a r r i e d  out on var ious mesh s izes o f  Gascoyne l i g n i t e  t o  
determine if t h e  external  o r  apparent sur face area was a s i g n i f i c a n t  f a c t o r  i n  t h e  
t o t a l  ( i n c l u d i n g  i n t e r n a l  pores) surface area value. Mesh s izes o f  16, 30, 60, and 
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powder l e s s  t h a n  -60 were used without significant variation i n  the heat o u t p u t .  
The to ta l  surface area of a coal i s  therefore very tolerant of sample powder s i z e ,  
the internal pore surface area t e n  being daninant when canpared to  the external o r  
apparent surface area term. This i s  the  expected result  i f  the  pores a re  very 
small. 

A probe liquid of larger molecular volume t h a n  methanol should n o t  be SO able 
t o  penetrate the  porous structure,  especially the  micropore region which can account 
for u p  t o  95% of the total  surface area. Tetrahydronaphthalene ( t e t r a l i n )  was thus 
used because of i t s  re la t ive ly  large sized molecules and because of i ' ts  in te res t  a s  
a hydrogen donor in liquefaction. Yampa subbituminous and Gascoyne l i g n i t e  were 
then tested in the calorimeter using t e t r a l in .  The resu l t s  of the  surface area 
determinations a re  tabulated in Table I1 along with the corresponding resu l t s  fo r  
the two coals i n  methanol. 

Table 11. Surface Area of Coals Using Different Wetting Liquids. 

Coal Sample 

Colorado Subbituminous 
Gascoyne Red l ign i t e  

Surface Area (m2/gm) 
Yethanol Tetra1 i n 

>zoo 
165.72 

9.05 
5.15 

Since the tetrahydronaphthalene i s  a larger molecule than methanol, i t  i s  
unable t o  penetrate the  smallest pores in the  coal. Heat i s  only l iberated from the  
very large pores and the external o r  apparent surface as i f  the porous coal had 
transfoned into a non-porous carbon black. In future experiments the  use of probe 
liquids of intermediate molecular s izes  between those of methanol and 
tetrahydronaphthalene will y ie ld  information o n  the re la t ive  amounts (d is t r ibu t ions)  
of micro, transit ional and macropores. 
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Figure 3 .  Shows deta i l s  o f  one calorimeter. 

Figure 4.  Shows overall differential  calorimetry system. 
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Figure 1 .  The disassembled cell and a water-saturated solid sample o f  Gascoyne Red 
1 ignite. 

Figure 2 .  The assembled dielectric c e l l .  
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Figure 7. D i e l e c t r i c  c h a r a c t e r i s t i c s  o f  a subbituminous coal, showing e f f e c t  o f  
removal and replacement .o f  t i g h t l y  bound moisture. 
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Figure 8. The tenpera ture  dependence of t a n  6 i s  depicted f o r  t h e  water-saturated 
Gascoyne Red l i g n i t e .  
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F i g u r e  13. C h a r a c t e r i s t i c  o f  subbi tumi nws type coals .  
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SEPARATION OF COAL LIQUIDS BY SIZE 
EXCLUSION CHROMATOGRAPHY - G A S  CHROMATOGRAPHY (SEC-CC) 

C.V.  P h i l i p  and R.G. Anthony 

Kine t ic ,  C a t a l y s i s  and Reaction Engineering Laboratory 
Dept. of Chemical Engineering, Texas A&M Univers i ty  

College S t a t i o n ,  Texas 77843 

In t roduc t ion  

The h i g h  e f f i c i e n c y  g e l  co lumns  packed  w i t h  511111 p a r t i c l e s  have 
increased  t h e  e f f i c i e n c y  and decreased t h e  a n a l y s i s  t ime  o f  s i z e  exc lus ion  
chromatography (SEC). Since r e l a t i v e l y  l a r g e  samples can be sepa ra t ed  i n  a 
t ime as s h o r t  as 20 m i n u t e s ,  S E C  can  be  u s e d  as a p r e l i m i n a r y  s e p a r a t i o n  
technique p r io r  t o  o the r  a n a l y t i c a l  t echniques  such a s  gas chromatography 
( G C )  and g a s  chromatography-mass spec t roscopy (GC-MS). Such SEC sepa ra t ion  
of coa l  l i q u i d s ,  petroleum crudes  and t h e i r  d i s t i l l a t i o n  c u t s  i n t o  four or 
f i v e  f r a c t i o n s ,  fo l lowed by t h e  a n a l y s i s  o f  t he  SEC f r a c t i o n s  by GC and GC- 
MS have been r epor t ed  e l sewhere  (1-14). The f r a c t i o n  c o l l e c t i o n  and con- 
c e n t r a t i o n  o f  f r a c t i o n s  were  pe r fo rmed  manual ly .  T h i s  p r o c e d u r e  was 
i n e f f i c i e n t ,  and  s u s p e c t i b l e  t o  human e r r o r .  The Automated f r a c t i o n  
c o l l e c t i o n  f o l l o w e d  by i n j e c t i o n  o f  t h e  f r a c t i o n  i n t o  t h e  GC r e d u c e s  
a n a l y s i s  t i m e ,  and  o f f e r s  an o p t i o n  fo r  c o l l e c t i n g  a d e s i r e d  number Of 
f r a c t i o n s  a t  predetermined time in t e rva l s .  

The SEC separates c o a l  l i q u i d s  i n t o  f r a c t i o n s  con ta in ing  s p e c i e s  wi th  
s i m i l a r  l i n e a r  molecular s i zes .  S ince  similar molecular s i z e  s p e c i e s  i n  
c o a l  l i q u i d  happened t o  have s i m i l a r  f u n c t i o n a l i t i e s ,  t h e  s i z e  sepa ra t ion  
enables  t h e  sepa ra t ion  o f  f r a c t i o n s  c o n t a i n i n g  s i m i l a r  c h e m i c a l  s p e c i e s .  
When te t rahydrofuran  (THF) is used as t h e  mobil phase t h e  coal l i q u i d  can 
be separa ted  i n t o  four  f r a c t i o n s  con ta in ing  heavy nonvo la t i l e s ,  long chain 
a l k a n e s  mixed w i t h  l i g h t  n o n v o l a t i l e ,  p h e n o l s  and  a r o m a t i c s .  When t h e  
number of f r a c t i o n s  are increased ,  l e s s  complex chromatograms wi th  fewer 
peaks  a r e  o b t a i n e d .  The r e s u l t s  of  SEC-GC a n a l y s i s  o f  c o a l  l i q u i d s  
i n d i c a t e  t h a t  t h e  c o a l  l i q u i d s  a r e  composed o f  a ve ry  l a r g e  number o f  
spec ie s  bu t  wi th  s i m i l a r  s t r u c t u r a l  b locks  and func t iona l  groups. Lumping 
o f  s i m i l a r  components  i n t o  f o u r  d i s t i n c t  g r o u p s  such  as n o n v o l a t i l e s ,  
a lkanes  (nonaromatic hydrocarbons) a l k y l a t e d  phenols and a romat i c s  is seen  
as  p r a c t i c a l  means of c h a r a c t e r i z i n g  c o a l  l i q u i d s .  The i n s t r u m e n t a t i o n ,  
a n a l y s i s  o f  coa l  l i q u i d  samples inc luding  r ecyc le  s o l v e n t s  a r e  d iscussed  in  
d e t a i l  i n  t h i s  paper. 

I 

Disclaimer:  Th i s  r e p o r t  was prepared as an  account of work sponsored by an 
agency  o f  t h e  Un i t ed  S t a t e s  Government.  N e i t h e r  t h e  U n i t e d  S t a t e s  
Government no r  any  Agency t h e r e o f ,  n o r  any  o f  t h e i r  employees ,  makes any 
w a r r a n t y ,  e x p r e s s  o r  i m p l i e d ,  o r  a s s u m e s  a n y  l e g a l  l i a b i l i t y  o r  
r e s p o n s i b i l i t y  f o r  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  o r  u s e f u l n e s s  o f  any 
informat ion ,  appara tus ,  product, or  process  d i sc losed ,  or r e p r e s e n t s  t h a t  
its use would no t  i n f r i n g e  p r i v a t e l y  owned r i g h t s .  
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Experimental 

A Western Kentucky Syn tho i l  and four  r ecyc le  s o l v e n t s  from t h e  Energy 
Research Center,  Un ive r s i ty  o f  North Dakota were t h e  Samples used f o r  t h e  
ana lys i s .  Dry  a d d i t i v e  f r e e  t e t r ahydro fu ran  (THF) under helium atmosphere 
was used f o r  prepar ing  sample s o l u t i o n s  and as  t h e  mobil phase i n  t h e  s i z e  
e x c l u s i o n  c h r o m a t o g r a p h  (SEC). Al though t h e  s y n t h o i l  c o u l d  be i n j e c t e d  
without d i l u t i o n ,  a 50% s o l u t i o n  was p re fe r r ed  i n  o rde r  t o  reduce poss ib l e  
p e a k  spreading  and t a i l i n g .  S ince  t h e  r e c y c l e  Solvents  were very v iscous ,  
25% s o l u t i o n s  were used .  A l l  t h e  s o l u t i o n s  were f i l t e r e d  t h r o u g h  0.5 
Mi l l i po re  f i l t e r s  u s ing  modest hea t ,  but no t  high enough t o  b o l l  THF, from 
a hot a i r  gun and 30 p s i  Nitrogen pressure.  

The i n s t r u m e n t a t i o n  i n c l u d e d  a l i q u i d  ch romatograph  ( L C ,  Wa te r s  
ALC/GPC Model 202) equiped wi th  a 60 cm, 5 1 ~ m  100 1 PL g e l  column (Polymer 
Labora tor ies )  and a r e f r a c t i v e  index d e t e c t o r  (Waters Model R401) a Varian 
Chromatographic system (GC, VISTA 44) equiped with a 30 meter x 0.32 m m  I D  
DB-5 c a p i l l a r y  column (bonded phase fused s i l i c a  column manufactured by J & W  
S c i e n t i f i c  Co.) an  au tosampler  (Varian 8000). a f lame ion iza t ion  d e t e c t o r  
(FID) and a n i t rogen  s p e c i f i c  de t ec to r  ( thermionic  ion s p e c i f i c  - TSD) and 
a mic rocompute r  s y s t e m  ( I B M  CS 9000) w i t h  1000 K b y t e s  R A M  and d u a l  8" 
floppy d i s c  d r i v e s  f o r  c o l l e c t i n g  raw chromatographic data. 

The continuous sample sepa ra t ions  on t h e  g e l  column followed by the  CC 
a n a l y s i s  of s e l e c t e d  f r a c t i o n s  was achieved by the  ope ra t ion  of two s i x p o r t  
v a l v e s  and  a 34 p o r t  v a l v e  ( A l l  f rom Valco  I n s t r u m e n t  Company) as 
i l l u s t r a t e d  i n  f i g u r e  1. Sample i n j e c t i o n  i n t o  the  LC was performed by a 
s i x p o r t  v a l v e  ( V , )  w i t h  a 2 m l  s ample  l o o p  and f i t t e d  w i t h  a s y r i n g e -  
needlepor t  f o r  v a r i a b l e  s a m p l e  s i z e  i n j e c t i o n .  The combined ope ra t ion  of 
another s i x p o r t  swi t ch ing  valve and t h e  3'1 p o r t  valve ( V  ) wi th  16 sample 
l o o p s  (100  p 1 )  e n a b l e d  t h e  l i n k i n g  o f  t h e  l i q u i d  ch romalograph  w i t h  t he  
a u t o s a m p l e r  o f  t h e  g a s  ch romatograph .  The a u t o s a m p l e r  was m o d i f i e d  t o  
hand le  100  u 1  s a m p l e s  d i r e c t l y  from t h e  f r a c t i o n  c o l l e c t i o n  l o o p s  o f  V3. 
When V 2  was t u r n e d  c l o c k w i s e ,  i t  k e p t  V i n  l i n e  o f  LC e f f l u e n t s  s o  t h a t  
t h e  f r a c t i o n s  o f  s e p a r a t e d  s a m p l e  coulc? be  c o l l e c t e d  and a l s o  t h e  a u t o -  
sampler was bypassed. V2 a t  i t s  counter  c lockwise  pos i t i on  kept V i n  l i n e  
w i t h  t h e  a u t o s a m p l e r  f o r  s ample  i n j e c t i o n  bu t  bypassed  t h e  LC? s t r e a m .  
Generally 0.1 v 1  sample s i z e  was used f o r  GC ana lys i s .  The stream from the 
c a p i l l a r y  column was s p l i t  (50/50) f o r  t h e  s imul taneous  moni tor ing  by t h e  
FID and TSD. The r e a l  t i m e  m o n i t o r i n g  o f  t h e  GC was p o s s i b l e  on b o t h  
Varian and IBM sys t ems  and the  raw chromatographic d a t a  were s t o r e d  on t h e  
8" floppy d iscs .  The f r a c t i o n  c o l l e c t i o n ,  sample i n j e c t i o n  i n t o  t h e  GC as 
w e l l  a s  t h e  data c o l l e c t i o n  was performed by t h e  in t eg ra t ed  system composed 
of  a Var i an  Au tomat ion  Sys tem (VISTA 401) and  t h e  I B M  mic rocompute r  
(CS 9000). F o r  e a c h  s a m p l e  i n j e c t i o n  i n t o  t h e  GPC co lumn,  up t o  1 6  
f r a c t i o n s  were  co l l ec t ed  and a n a l y z e d  by t h e  G C  u s i n g  a p p r o p r i a t e  g a s  
c h r o m a t o g r a p h i c  po rg rams  s t o r e d  i n  t h e  memory w i t h o u t  any manual  
i n t e r a c t i o n .  
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Resu l t s  and Discussions -- 
The e f f l u e n t s  from t h e  GC c a p i l l a r y  column a r e  s p l i t  i n t o  two streams 

and monitored by a f lame ion iza t ion  d e t e c t o r  (FID) and a n i t rogen  s p e c i f i c  
d e t e c t o r  (TSD). The a n a l y s i s  o f  a c o a l  l i q u i d  d e r i v e d  n a p h t h a  (p roduced  
f rom w e s t e r n  Kentucky c o a l - s y n t h o i l )  is  shown i n  F i g u r e  2. The GC-MS 
a n a l y s i s  of coa l  l i q u i d  can miss s e v e r a l  n i t rogen  compounds due t o  complex 
f ragmenta t ion  p a t t e r n  and low concent ra t ion .  The FID output  shows s i g n s  of 
o v e r l o a d i n g  and  most peaks  a r e  u n r e s o l v e d .  Such o v e r l o a d i n g  does  n o t  
a p p e a r  t o  a f f e c t  t h e  s e p a r a t i o n  o f  n i t r o g e n  compounds. The u s e  o f  a 
n i t rogen  s p e c i f i c  d e t e c t o r  i n  a d d i t i o n  t o  FID enables  one t o  i d e n t i f y  t h e  
n i t r o g e n  s p e c i e s  e a s i l y  and  GC-MS c a n  be  used  f o r  t h e i r  s t r u c t u r a l  
i d e n t i f i c a t i o n .  

Molecular s i z e  parameters  such  as molecular weight,  molecular volume 
and hydrodynamic  volume a re  u s e d  v e r y  e f f e c t i v e l y  a s  t h e  basis  f o r  S E C  
sepa ra t ion  of polymers w i t h  i d e n t i c a l  bu i ld ing  b locks  or monomers (16-21). 
These molecular parameters  need c o r r e c t i o n  f a c t o r s  which vary depending on 
t h e  ind iv idua l  s t r u c t u r e  of spec ie s  (20).  i n  o rde r  t o  use  them as the  basis 
f o r  t he  SEC sepa ra t ion  of mixtures  of s p e c i e s  e s p e c i a l l y  t h e  low molecular 
s i z e  compounds. 

The SEC s t u d i e s  on a number of small molecular s i z e  s p e c i e s  (5) such 
a s  a l k a n e s ,  a r o m a t i c s ,  p h e n o l s ,  a m i n e s  and  complex  m i x t u r e s  ( 1 5 )  such a s  
c o a l  l i q u i d s  ( 1 - l l ) ,  p e t r o l e u m  c r u d e s  and t h e i r  d i s t i l l a t e s  (12,141, 
i n d i c a t e  t h a t  l i n e a r  molecular s i z e  or t h e  l eng th  of t h e  molecule measured 
from its v a l a n c e  bond s t r u c t u r e ,  is  a b e t t e r  bas i s  f o r  e x p l a i n i , n g  t h e  
mechanism of s i z e  s e p a r a t i o n  by SEC (12). The e f f e c t i v e  l i n e a r  molecular 
s i z e  of a spec ie s  depends on its tendency t o  hydrogen bond wi th  the s o l v e n t  
r e s u l t i n g  i n  an inc rease  of l i n e a r  molecular s i z e  compared t o  nonhydrogen 
bonding  s p e c i e s .  T e t r a h y d r o f u r a n ,  t h e  S E C  m o b i l  phase ,  can  i n c r e a s e  t h e  
l e n g t h  of c e r t a i n  hydrogen  bonding  s p e c i e s  s u c h  a s  p h e n o l s ,  a m i n e s  and 
a l coho l s  w h i l e  t h e  s i z e  o f  compounds such a s  benzene, py r id ine ,  thiophene 
and a l k a n e s  a r e  u n a f f e c t e d .  T h i s  phenomenon e n a b l e s  t h e  s e p a r a t i o n  of  
phenols and a romat i c s  i n  c o a l  l i q u i d  i n t o  s e p a r a t e  f r ac t ions .  

S E C  s e p a r a t i o n  o f  r e c y c l e  s o l v e n t  o b t a i n e d  by t h e  l i q u e f a c t i o n  o f  
Wydak c o a l  is i l l u s t r a t e d  i n  F igure  3a. The SEC e f f l u e n t s  can be d iv ided  
i n t o  f o u r  f r a c t i o n s  based  on e l u t i o n  time. The l o n g e r  s p e c i e s  a p p e a r s  
first and a r e  c o l l e c t e d  in  F rac t ion  1. S ince  they  a r e  n o t  v o l a t i l e  enough 
f o r  G C - M S  a n a l y s i s ,  t h e y  a r e  t e r m e d  as  heavy n o n v o l a t i l e s .  The second 
f r a c t i o n  is composed of v o l a t i l e s ,  mostly s t r a i g h t  chain a lkanes  (n C l Q H 3 0  
- n C ~ Q H ~ ~ ) ,  and l i g h t  nonvo la t i l e s .  Some o l e f i n s  whose concen t r a t ion  may 
depend on the  s e v e r i t y  of l i q u e f a c t i o n  process ,  and branched a lkanes  such 
a s  p r i s t a n e  and  p h y t a n e  a r e  a l s o  found  i n  t h e  s e c o n d  f r a c t i o n .  The  t h i r d  
f r a c t i o n  is enr iched  mostly wi th  a l k y l a t e d  phenols,  indanols  and naphthols. 
Some long s t r u c t u r e d  a romat i c s  such as b iphenyls  and b inaphthyls  may appear 
i n  t h i s  f r a c t i o n .  If  t h e  c o a l  l i q u i d s  are  r e f i n e d  by c r a c k i n g  p r o c e s s  
r e s u l t i n g  i n  naphthenic m a t e r i a l s  - a mixture  o f  o l e f i n s  and c y c l i c  hydro- 
carbons,  t h e  t h i r d  f r a c t i o n  may conta in  these  materials also.  The fou r th  
f r a c t i o n  is composed of a lky la t ed  benzenes, indans.  naphtha lenes  and heavy 
fused r i n g  a romat i c s  such a s  pyrenes and benzopyrenes. 
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When v a l v e  V 2  a n d  V a r e  engaged  t h e  SEC E f f l u e n t s  ( F i g u r e  1 )  can  be  
co l l ec t ed  on t h e  sample ?OOPS Of  V3 a t  s p e c i f i c  i n t e rva l s .  The r e f r a c t i v e  
i n d e x  d e t e c t o r  o u t p u t  shows t h e  e f f e c t  o f  s u c h  f r a c t i o n  c o l l e c t i o n s  as 
negat ive  peaks (compare F igure  3a and 3b). Although s i x t e e n  is t h e  maximum 
number of f r a c t i o n s ,  which can be c o l l e c t e d  a t  one t ime, more than  s ix t een  
f r a c t i o n s  can be c o l l e c t e d  f o r  a sample by r epea t ing  t h e  procedure aimed a t  
d i f f e r e n t  e l u t i o n  times. Figure  4a shows SEC o f  a s y n t h o i l  produced from 
w e s t e r n  Kentucky c o a l .  T w e n t y t h r e e  f r a c t i o n s  were c o l l e c t e d .  The FID 
output  of 18 f r a c t i o n s ,  l eav ing  the f i r s t  t h r e e  and t h e  l a s t  two, a r e  shown 
i n  F i g u r e  5. The s y n t h o i l  s a m p l e  was a n a l y z e d  by GC-MS p r i o r  t o  SEC-CC 
a n a l y s i s  and t h e  major components were i d e n t i f i e d  as a lkanes  ranging from n 
C 1 0 H 2 2  t o  n C Q ~ H ~ ~ ,  p h e n o l s  s u c h  as a l k y l a t e d  p h e n o l s ,  i n d a n o l s  and 
n a p h t h o l s  and  a r o m a t i c s  s u c h  as  a l k y l a t e d  benzenes ,  i n d a n s  and  naph- 
thalenes.  The f i r s t  GC i n  F igure  5 shows t h e  FID output  of SEC f r a c t i o n  4 
of synthoi l .  A l l  t h e  peaks shown a r e  s t r a i g h t  cha in  alkanes.  The next CC 
shows t h a t  the  v o l a t i l e s  i n  f r a c t i o n  5 a r e  composed of r e l a t i v e l y  smaller 
alkanes.  As t h e  e l u t i o n  time i n c r e a s e s  t h e  a lkane  cha in  l eng th  decreases.  
The f r a c t i o n s  wi th  s h o r t  a lkanes  has ove r l ap  from heavy phenols (Fig. 5 GC, 
6-9). T h e  heavy p h e n o l s  a r e  n o t  r e s o l v e d  b u t  a p p e a r  as a b a s e  l i n e  s h i f t  
which i s  due t o  a l a r g e  number of phenol ic  s p e c i e s  e l u t i n g  unresolved. As 
t h e  f r a c t i o n  number i n c r e a s e s  smaller phenols appear  as w e l l  r eso lved  peaks 
(F ig .  5 GC,  9 ,14) .  When t h e  m o l e c u l a r  w e i g h t  o f  p h e n o l i c  s p e c i e s  a r e  
i n c r e a s e d  by a d d i n g  a l k y l  g roups  t h e  p r o b a b l e  number of  isomers a r e  
increased  and more isomers a r e  poss ib l e  f o r  heav ie r  phenols. The heavy and 
l i g h t  a romat i c s  appear  i n  t h e  l a s t  f r a c t i o n s  (Fig. 5 CC 15-18). The fused 
r i n g  a romat i c s  such as pyrene and benzopyrenes appear  a f t e r  l i g h t  a romat ics  
(12 ) .  

A t  t h e  Energy  Research C e n t e r  o f  t h e  U n i v e r s i t y  o f  Nor th  Dakota ,  
an thracene  oil d i s t i l l a t e  was i n i t i a l l y  used as t h e  so lven t  fo r  c o a l  l ique- 
f a c t i o n .  The s o l v e n t  a l o n g  w i t h  d i s s o l v e d  l i q u e f a c t i o n  p r o d u c t s  were 
r e u s e d  s e v e r a l  t i m e s  and s o l v e n t  g r a d e  p r o d u c t s  mixed w i t h  t h e  o r i g i n a l  
so lven t s  were supp l i ed  as recycle so lvents .  Four r ecyc le  s o l v e n t s  derived 
from four  c o a l s  were analyzed by SEC-GC. The gas  chromatograms of s i m i l a r  
SEC f r a c t i o n s  o f  these l i q u i d s  are shown i n  F i g u r e s  3 and  4. Cas 
chromatograms OP t h r e e  similar f r a c t i o n s  from each of the four  s o l v e n t s  a r e  
p r e s e n t e d  i n  F i g u r e  6 .  Examina t ion  o f  C C s  i n d i c a t e  t h a t  t h e s e  s o l v e n t s  
con ta in  s i m i l a r  v o l a t i l e  components. 

Conclusions 

Al though SEC a n d  CC are  two p o w e r f u l l  c h r o m a t o g r a p h i c  t e c h n i q u e s ,  
the i r  combined use f o r  ana lyz ing  complex mix tu res  has been l i m i t e d  due t o  
t h e  t ime consuming steps involved. The two valve i n t e r f a c e  which l i n k s  t h e  
l i q u i d  chromatograph t o  gas  chromatograph  and  t h e  compute r  s y s t e m  which 
automate t h e  sys tem,  reduce t h e  a n a l y s i s  time as well as the frequency of 
manual i n t e r a c t i o n  d u r i n g  t h e  a n a l y s i s  wh ich  may t a k e  8-10 h o u r s  f o r  a 
c o a l  l i q u i d  sample. By adding a mass spec t rometer  as a t h i r d  d e t e c t o r  t o  
t h e  G C ,  a n  e x t e n s i v e  a n a l y s i s  of  a ra ther  complex  s a m p l e  s u c h  as  c o a l  
l i qu id .  Petroleum c rude  and t h e i r  r e f i n e r y  products  is poss ib le .  
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Figure 4. 100 111 f r a c t i o n s  a r e  c o l l e c t e d  from t h e  SEC e f f l u e n t s  (a )  
Western Kentuck Synthoil. 
( c )  Beulah (d)  Zap-2. 

Recycle Solvents  (b) Texas Big Brown 
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UNDERSTANDING THE POUR POINT DEPRESSION MECHANISM- 
I. HPLC AND GPC ANALYSIS OF CRUDE OILS 

C. A.  I r a n i ,  D. S. Schus te r .  and R. T. Yin 

Gulf O i l  Research  & Development, P roduc t ion  Research Cen te r ,  
P. 0. Box 37048,  Houston, TX 77236 

SUMMARY 

Thi s  s t u d y  o f f e r s  a p re l imina ry  exp lana t ion  for t h e  h igh  pour p o i n t  
phenomena i n  waxy c r u d e s ,  and a t t empt s  t o  d i f f e r e n t i a t e  between crude  
o i l s  t h a t  do  and do n o t  respond t o  pour p o i n t  d e p r e s s a n t s .  Twelve 
i n t e r n a t i o n a l l y  l o c a t e d  c rude  o i l s  were f i r s t  sub jec t ed  t o  a s t anda rd  wax 
s e p a r a t i o n  p rocedure ,  and t h e  c o l l e c t e d  waxes were f u r t h e r  ana lyzed  by 
GPC and HPLC methods. The i s o l a t e d  wax f r a c t i o n  was found t o  be composed 
of  a romat ic .  p o l a r  and  hexane i n s o l u b l e  components i n  a d d i t i o n  t o  t h e  
c r y s t a l l i z a b l e  s a t u r a t e  components. Based on GPC a n a l y s i s  of t h e  
molecular  s i z e  d i s t r i b u t i o n  of t h e  wax components i s o l a t e d  from the  
c rudes ,  t he  12 c rudes  could be ca t egor i zed  i n t o  t h r e e  types .  Regress ion  
a n a l y s i s  w a s  s u c c e s s f u l l y  used t o  c o r r e l a t e  pour p o i n t  t o  t h e  wax con ten t  
and t h e  s a t u r a t e s  i n  the  waxes. The s a t u r a t e s  con ten t  gave t h e  b e t t e r  
c o r r e l a t i o n .  GPC a n a l y s i s  of  t he  s a t u r a t e  c u t s  was f a c i l i t a t e d  by t h e  
development of a s a t u r a t e s  c a l i b r a t i o n  curve  t o  r e p l a c e  t h e  e x i s t i n g  
po lys ty rene  s t anda rd .  

INTRODUCTION 

h'umerous problems occur  du r ing  t h e  p roduc t ion  and t r a n s p o r t a t i o n  of 
waxy c rudes .  These c rudes  have h igh  pour p o i n t s  ( o f t e n  over  100'F) and 
leave  troublesome wax d e p o s i t s  i n  p i p e l i n e s  and p roduc t ion  equipment. 
When cooled  below t h e  tempera ture  f o r  wax p r e c i p i t a t i o n  the  p r e c i p i t a t i n g  
waxes tend  t o  form a n  i n t e r a c t i n g  three-d imens iona l  s t r u c t u r e  t h a t  can  
e f f e c t i v e l y  t i e  up t h e  l i g h t e r  f r a c t i o n s  of  t h e  c rude  a 
congea l ing  t o  occur .  A number of p rev ious  p u b l i c a t i o n s  
d i scussed  t h e  problems a s s o c i a t e d  w i t h  t h e  p roduc t ion  and t r a n s p o r t a t i o n  
of t h e s e  c rudes ,  and the  methods t h a t  have been proposed f o r  minimizing 
these  problems. 

Pf-€dYs;ave 

Two approaches  a r e  comnonly t aken  f o r  hand l ine  t h e s e  c rudes .  The 
obvious approach would be t o  always main ta in  t h e  crude tempera ture  above 
i t s  pour p o i n t ,  bu t  t h i s  is not always t e c h n i c a l l y  o r  economically 
f e a s i b l e .  The second approach is  t o  use  chemica l  pour p o i n t  d e p r e s s a n t s  
t o  modify t h e  i n t e r a c t i o n s  between t h e  p r e c i p i t a t i n g  waxes, t h u s  reducing 
t h e  pour p o i n t  and improving the  f low c h a r a c t e r i s t i c s .  The problem 
a r i s e s  i n  t h a t  t he  wax-addi t ive  i n t e r a c t i o n  i s  ext remely  complex and very  
poor ly  unders tood ,  so t h a t  no p r i o r  judgement can be made a s  t o  t h e  
e f f i c a c y  of a p a r t i c u l a r  a d d i t i v e  f o r  dep res s ing  t h e  pour p o i n t  of a 
p a r t i c u l a r  c rude .  The d a t a  p re sen ted  i n  Table  1 s e r v e s  t o  b e t t e r  
demonst ra te  t h i s  p o i n t  by comparing t h e  p r o p e r t i e s  of Cabinda (West 
Af r i ca )  and Handil  (Kalimantan) c rudes .  Both c rudes  have s i m i l a r  API 
g r a v i t i e s  and wax c o n t e n t s ,  y e t  t h e i r  pour p o i n t s  a r e  q u i t e  d i f f e r e n t .  
Add i t iona l ly ,  Cabinda responds  q u i t e  w e l l  t o  low c o n c e n t r a t i o n s  of a 
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certain additive, yet Handil shows little response to most availacle 
additives. 

Table 1 

Comparison of Two Waxy Crudes 
1 

\\lax Content Pour Point Pour Point 
Depressed 

OC (OF) - Crude API Gravity wt. x OC (OF) 

2 Cabinda 32.1 16.3 21.1 (70) -17.8 (0) 

Handil 32.1 16.5 3 2 . 2  (90) 21.1 (70)~ 

1. Maximum pour point depression seen with screening 50 pour point 
depressants. 

2 .  100 ppmw of Additive A. 

3 .  1000 ppmw of Additive B. 

Based on the performance of these two crudes it was concluded that 
the wax-edditive interaction js coxplex and poorly understood, and that a 
detailed analytical evaluation of at least the wax fractions in the crude 
oil would help in developing a better understanding of the interaction. 
More Specific questions that the study also attempted to address 
included: (1) The relationship between precipitated waxes and actual 
saturates; (2) The relationship between the pour point and the amount and 
conposition of the wax fraction collected; (3 )  The nature of the wzxes 
collected from different crudes; ( 4 )  An understanding of why there 
appeared to be a specific tenperature for many crudes below which the 
pour point could not be chemically depressed. 

Gel Permeation Chromatography (GPC) and High Pressure Liquid 
Chromatography (HPLC) were the major analytical tools used in this study 
to try and answer some of the questions raised above. 

EXPERIMENTAL 

Waxes wcre first isolated hv an in-house procedure frequently used 
to determine the wax content of crudes and petroleum product. The 
procedure is a modification of A S M  D-721. and cells f o r  diluting 1 grar 
of sample with 100 ml of methylethyl ketone. The solution is heated to 
65.5"C (150'F) to dissolve the sample, and filtered at this temperature 
to remove the insoluble components (such as bulk asphaltenes). The 
solution is cooled to -17.8OC (0°F) and filtered through Whatman No. 50 
filter paper t o  recover the wax precipitate. This fraction is referred 
to as the TOTAL waxes present in the crude oil. 

HPLC was used to further separate this wax fraction into saturates, 
aromatic, polar, and hexane insoluble iflyfesent. 
procedure has been discussed elsewhere. 

The HPLC equipment and 
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GPC was a l s o  used t o  c l a s s i f y  t h e  TOTAL waxes, a s  w e l l  a s  t h e  
s a t u r a t e s  i s o l a t e d  from t h e  TOTAL waxe$ by HTLC. 
fo l lowing  columns: 3- /.L s t y r a g e l ,  (10 , 10 , 500 A ) ,  and 2~ sphe roge l  
(50 1). 
The i n j e c t i o n  volume was 100 /.L1 and a 2 ml/min f l o w  r a t e  was 
ma in ta ined .  A d i f f e r e n t i a l  r e f r a c t o m e t e r  d e t e c t o r  was used .  The e l u t i o n  
of  t he  sample was a u t o m a t i c a l l y  monitored by a computer.  A t  t h e  end of 
t h e  r u n ,  t h e  compiiter i n t e g r a t e s  t h e  chromatograp, c a l c u l a t e s  t h e  
molecular  weight d i s t r i b u t i o n ,  and p r i n t s  o u t  t h e  r e s u l t s  i n  d i g i t a l  and 
g raph ic  form. 

Thg GPC c o n s i s t s  of t h e  

Te t r ahydro fu ran  s o l v e n t  was used (20 mg/ml sample d i l u t i o n ) .  

A s p e c i a l  c a l i b r a t i o n  cu rve  was gene ra t ed  f o r  t h e  GPC a n a l y s i s  of 
t h e  s a t u r a t e  f r a c t i o n s .  For t h i s  purpose t h e  s a t u r a t e s  p r e s e n t  i n  t h e  wax 
f r a c t i o n  were s e p a r a t e d  by e l u t i o n  t i m e  i n  a p r e p a r a t i v e  GPC. A Knauer 
Vapor P r e s s u r e  Osmometer was used t o  determine t h e i r  a c t u a l  molecular  
weights ,  and t h e i r  e l u t i o n  times on t h e  a n a l y t i c a l  GPC were ob ta ined .  
This  molecu la r  we igh t  and e l u t i o n  t ime d a t a  w a s  t hen  combined t o  develop 
a c a l i b r a t i o n  cu rve  a p p l i c a b l e  t o  t h e  s a t u r a t e  f r a c t i o n s .  

RESULTS Ah4 DISCUSSIONS 

Twelve waxy c rude  o i l s  from f i e l d s  around t h e  world were analyzed i n  
t h i s  s t u d y .  Tab le  2 i d e n t i f i e s  t he  crude o i l s  and p r e s e n t s  some o f  t h e i r  
g e n e r a l  p r o p e r t i e s  (API g r a v i t y ,  pour  p o i n t ,  wax c o n t e n t .  HPLC a n a l y s i s ) .  
Working on t h e  premise t h a t  a d i f f e r e n c e  i n  t h e  composi t ion of t h e  wax 
f r a c t i o n s  amongst t h e s e  v a r i o u s  crudes was r e s p o n s i b l e  f o r  t h e  d i f f e r e n c e  
i n  behavior  and r e sponse  t o  chemical  a d d i t i v e s ,  t h e  wax f r a c t i o n s  were 
i s o l a t e d  and s u b j e c t  t o  f u r t h e r  a n a l y s i s .  

GPC a n a l y s i s  of t h e  wax p r e c i p i t a t e s  provided molecu la r  s i z e  
d i s t r i b u t i o n  d a t a  based on which t h e  c rudes  could be s e p a r a t e d  i n t o  t h r e e  
types.  RPLC f u r t h e r  i n d i c a t e d  t h a t  what was be ing  s e p a r a t e d  a s  a wax 
phase was a c t u a l l y  a complex mi.xture of a romat i c ,  p o l a r ,  a s p h a l t e n e  and 
c r y s t a l l i z a b l e  s a t u r a t e - t y p e  components. By employing a p r e p a r a t i v e  HPLC 
method, l a r g e  samples  of t h e  s a t u r a t e  f r a c t i o n s  were c o l l e c t e d  and 
f u r t h e r  analysed by GPC i n  o r d e r  t o  i d e n t i f y  d i s t i n g u i s h i n g  t r a i t s  i n  t h e  
s a t u r a t e s  p r e s e n t  i n  the d i f f e r e n t  c rudes .  Molecular  weight  
d i s t r i b u t i o n s  of t h e  s a t u r a t e  components w a s  f a c i l i t a t e d  by use  of an  
in-house developed c a l i b r a t i o n  curve s p e c i f i c a l l y  gene ra t ed  f o r  t h i s  
a p p l i c a t i o n  t o  improve on t h e  results a v a i l a b l e  through t h e  use  of t h e  
e x i s t i n g  po lys ty rene  cu rve .  

Even though t h e  waxy components i n  a crude a r e  d i r e c t l y  r e s p o n s i b l e  
f o r  the h igh  pour p o i n t ,  p rev ious  a t t e m p t s  t o  c o r r e l a t e  t h e  pour p o i n t  
w i t h  the wax con ten t  of a crude have no t  prover: ve ry  s u c c e s s f u l .  
1 2  crudes used i n  t h i s  s t u d y ,  r e g r e s s i o n  a n a l y s i s  showed a f a i r  f i t  
between t h e  pour p o i n t  and t h e  w t .  70 waxes p r e s e n t ,  and a v e r y  good f i t  
w i t h  t h e  w t .  70 s a t u r a t e s  p r e s e n t  i n  the  c o l l e c t e d  waxes. D e t a i l s  of t h i s  
and o the r  r e s u l t s  are p resen ted  i n  t h e  fo l lowing  s e c t i o n s .  

For t h e  

GPC C a l i b r a t i o n  Curve 

GPC proved a v a l u a b l e  t o o l  f o r  both whole wax and s a t u r a t e s  
a n a l y s i s .  However, f o r  p u r e  s a t u r a t e s  a n a l y s i s  t h e  u s e  o f  a po lys ty rene  
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based c a l i b r a t i o n  curve was i ~ . :  I .  ;.,:‘.:e c-rroneous r e s u l t s .  A n  a t t e r rp t  
was made t o  c o r r e c t  t h i s  by developing  a c a l i b r a t i o n  curve  s p e c i f i c a l l y  
s u i t e d  f o r  s a t u r a t e s  a n a l y s i s .  Both pure  a l k a n e s  and s a t u r a t e  f r a c t i o n s  
i s o l a t e d  from a waxy crude  were used t o  g e n e r a t e  t h e  necessa ry  
c a l i b r a t i o n  curve .  
u s ing  t h e  p r e c i p i t a t i o n  method desc r ibed  above, and p r e p a r a t i v e  HPLC then  
used t o  i s o l a t e  t h e  s a t u r a t e s  p r e s e n t  i n  t h e  wax c u t .  The s a t u r a t e s  were 
f u r t h e r  c u t  by p r e p a r s t i v e  GPC i n t o  ind iv idua l .  f r a c t i o n s ,  and t h e  
r e t e n t i o n  volume f o r  each  f r a c t i o n  e s t a b l i s h e d .  The molecular  we igh t s  of 
each s a t u r a t e  f r a c t i o n  were determined u s i n g  vapor p r e s s u r e  osmometry. 
Molecular weight d e t e r m i m t i o n s  were hampered by t h e  low s o l u b i l . j t y  of 
t h e  s a t u r a t e s  i n  t h e  s o l v e n t s  used ,  and s p e c i a l  hand l ing  p rocedures  had 
t o  be used t o  overcome t h i s  problem. 
presented  i n  F igure  1 ,  which compares t h e  po lys ty rene  curve  t o  t h e  
s a t u r a t e s  curve and t h e  pure  a lkane  curve .  

The waxes were f i r s t  s epa ra t ed  from t h e  whole c rude  

The c a l i b r a t i o n  cu rves  ob ta ined  a r e  

The pure  a lkane  curve i s  l i m i t e d  i n  scope because pu re  a l k a n e s  were 
no t  a v a i l a b l e  above a carbon number of  34. and y e t  it c l o s e l y  matches  t h e  
s a t u r a t e s  curve which could be t aken  t o  h i g h e r  molecular  we igh t s .  A 
s u b s t a n t i a l  d i screpancy  ex i s t :  between t h e  s a t u r a t e s  curve  and t h e  
polys tvrene  curve ,  so t h a t  use  of  t h e  s a t u r a t e s  c a l i b r a t i o n  curve  gave a 
more reasonable  molecular  weight d t s t r i b u t i o n  of t he  s a t u r a t e s .  

Composition of t h e  Wax F r a c t i o n s  

Whereas pure s E t u r a t e s  cir .  be expec ted  t o  be co!.c?rless o r  a t  moFt 
wh i t e ,  t h e  a c t u a l  wax f r a c t i o n s  i s o l a t e d  were h i g h l y  c o l o r e d ,  l e a d i n g  t o  
t h e  conclus ion  t h a t  p o l a r  and/or  a romat i c  type  components were a l s o  
p re sen t  i n  t h e  c o l l e c t e d  wax p r e c i p i t a t e s .  P r e p a r a t i v e  HPLC was used  t o  
s e p a r a t e  the  wax f r a c t i o n s  i n t o  s a t u r a t e s ,  a romat i c s ,  p o l a r s  and 
a spha l t enes ,  wi th  t h e  r e s u l t s  shown i n  Table  2 .  

TABLE 2 

HPLC ANALYSIS OF WAX FRACTIONS 

AP I 
Crude Grav. 

Bentapan 22.6 
h’a sa  t ch 41.8 
Green River  30.3 
Handil  32.3 
Mibale 30.5 
Cabinda 32.1 
Lucina 39.6 
Brega 43.1 
Escravos 36.1 
Mesa 30.4 
Zai re  GCO-4 30.4 
Murban 39.7 

- 

Pour 
Po in t  
(OF) 

110 
105 
95 
90 
85 
70 
60 
50 
50 
50 
50 
15 

Wax 
Content * 

W t .  x 

36.4 
37.1 
26.8 
16.5 
20.5 
16.3 
12.2 
6.4 
6.8 
7.3 

14.2 
4.8 

W t .  % 
S a t s .  

55.0 
90.0 
61.4 
88.8 
62.5 
62.0 
73.0 
73.5 
60.9 
62.9 
39.3 
72.9 

- 
W t .  a 
Arom . 
14.2 
8.2 
16.5 
6.C 

1 6 . 9  
11.6 
12.5 
9.7 
11.8 
15.6 
11.7 
17.5 

- 
h’t. % 

P o l a r s  

28.1 
1.7 

14.9 
4.0 
10.0 
25.4 
9.4 
13.3 
27.0 
21.0 
36.0 
8.6 

W t .  %* 
Asph. 

2.7 
0. 1 
6.6 
1.6 
0.6 

5.1 
3.5 
0.3 
0.5 
13.0 
1.0 

1.0 

*Used i n  Regression Ana lys i s  
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C l e a r l y  t h e  wax p r e c i p i t a t e , i s  a c t u a l l y  a v e r y  complex mix tu re  of 
t h e s e  c r u d e  o i l  components,  a f a c t  t h a t  compares w e l l  w i th  f i e l d  
o b s e r v a t i o n s  of p a r a f f i n  d e p o s i t s .  Only i n  h i g h l y  p a r a f f i n i c  and low 
a s p h a l t i c  c rudes  do  t h e s e  d e p o s i t s  appea r  t o  have c h a r a c t e r i s t i c s  of pure 
s a t u r a t e s .  G e n e r a l l y ,  depending on t h e  composi t ion of t h e  c rude ,  t h e  
d e p o s i t s  range from b e i n g  h i g h  i n  s a t u r a t e s  t o  a lmost  a s p h a l t i c  i n  
na tu re .  It i s  a l s o  g e n e r a l l y  r ecogn ized  t h a t  s u c c e s s f u l  chemical  
dep res s ion  of t h e  pour  p o i n t  r e q u i r e s  t h a t  t h e  a d d i t i v e  modify t h e  
s t r u c t u r e  of t h e  p r e c i p i t a t i n g  wax a s  t h e  t empera tu re  i s  ].owered. In  
u n t r e a t e d  crude t h e  p r e c i p i t a t i n g  waxes a r e  capab le  of forming a complex, 
i n t e r a c t i n g  th ree -d imens iona l  s t r u c t u r e  which e s s e n t i a l l y  t i e s  up t h e  
l i g h t e r  components of  t h e  c r u d e  t h u s  r educ ing  i t s  f l u i d i t y .  
Consequent ly ,  f o r  a chemica l  t o  s u c c e s s f u l l y  d e p r e s s  t h e  POUT p o i n t  of a 
crude o i l ,  i t  must f i r s t  s u c c e s s f u l l y  d e s t r o y  t h e  i n t e r a c t i o n  mechanism 
between t h e s e  chemica l ly  complex s p e c i e s .  Because no two c r u d e  o i l s  have 
t h e  same composi t ion,  no two wax p r e c i p i t a t e s  can be expected t o  d i s p l a y  
a similar chemical  i n t e r a c t i o n .  Consequent ly  a l a r g e  d i sc repancy  i n  
performance between t h e  r e sponse  o f  v a r i o u s  c rudes  t o  t h e  s a v e  a d d i t i v e  
r e s u l t s .  T h i s  a l s o  h e l p s  t o  e x p l a j n  why d i f i e r e n t  c rudes  w i t h  simLlar 
s a t u r a t e  d j s t r i b u t i o n s  show d i f f e r i n g  r e sponse ,  because t h e  a c t u a l  
i n t e r a c t i o n  i s  chemica l ly  more complex than  a s imple  s a t u r a t e s  
i n t e r a c t i o n .  For many r e f i n e d  s t r eams ,  d i e s e l  o i l  f o r  example, t h e  pour 
p o i n t  problem is more s p e c i f i c  t o  t h e  s a t u r a t e s  p r e s e n t ,  and a d d j t i v e s  
a r e  capable  of showing a much b r o a d e r  r e sponse .  I t  i s  t h e  complexi ty  of 
t h e  crude o i l  p r e c i p i t a t e s  t h a t  l i m i t s  t h e  e p p l i c a b i l i t y  of pour p o i n t  
d e p r e s s a n t s  f o r  t h e i r  t r e a t m e n t .  

Waxy Crude C l a s s i f i c a t i o n  

Review of t h e  molecu la r  s i z e  d i s t r i b u t i o n  d a t e  o b t a i n e d  by GPC f o r  
t h e  12 c r u d e s  under  s t u d y  i n d i c a t e d  t h a t  i t  might b e  p o s s i b l e  t o  u s e  t h i s  
i n fo rma t ion  t o  c l a s s i f y  t h e  c rudes .  This  was a t t e c p t e d ,  and t h r e e  types  
were de f ined .  Even though t h i s  c l a s s i f i c a t i o n  r,ay be c o m i d e r e d  l o o s e ,  
and has only been exp lo red  f o r  t h e  12 c rudes ,  t h e  r e s u l t s  a r e  
s u f f i c i e n t l y  encouraging t o  war ran t  ex tend ing  t h i s  s t u d y  t o  a l a r g e r  
number of c rudes .  

Type-1 c rudes ,  a s  d e f i n e d  by t h e  molecu la r  s i z e  d i s t r i b u t i o n  o f  t h e  
t o t a l  waxes, i s  shown i n  F i g u r e  2 .  Many of t h e  West A f r i c a n  c rudes  f a l l  
i n  t h i s  ca t egory ,  which i s  c h a r a c t e r i z e d  by a bimodal molecu la r  s i z e  
d i s t r i b u t i o n .  However, even though t h e  C-25 and lower carbon numbers a r e  
we l l  r e p r e s e n t e d ,  t h e  b u l k  of t h e  wax components a r e  i n  t h e  h ighe r  
molecular  weight r ange .  E x t r a p o l a t i o n  o f  t h i s  o b s e r v a t i o n  i m p l i e s  t h a t  
t h e  h ighe r  pour p o i n t  c r u d e s  could pe rhaps  f a l l  i n  t h i s  t vpe .  

Type-2 c rudes  a r e  p r e s e n t e d  i n  F igu re  3. A bimodal d i s t r i b u t i o n  
p e r s i s t s  bu t  t h e r e  i s  a r e v e r s a l  i n  t h e  r e l a t i v e  c o n t r i b u t i o n s  by t h e  low 
and high carbon number f r a c t i o n s .  
dominant, w i th  t h e  C-25+ s p e c i e s  p rov id ing  a hump a t  t h e  t a i l  end of t h e  
d i s t r i b u t i o n .  The r ema in ing  f o u r  c r u d e s  a r e  c l a s s e d  t o g e t h e r  a s  Type-3 
(Figure 4 ) .  bu t  t h i s  is a weaker c o r r e l a t i o n .  
3 c rudes  is  towerds a na r rower  d i s t r i b u t i o n  range a s  shown i n  F igu re  4 .  
Two of t h e  c rudes ,  Brega and Murban, show a c o n t i n u a t i o n  of t h i s  t r e n d ,  
w i t h  the  two d i s t i n c t  peaks  of t h e  Type 2 c rudes  r ep laced  by a s i n g l e  

The C-25 s p e c i e s  a r e  now more 

The pr imary t r e n d  f o r  Type 
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1 peak in the C-15-30 range, and a declining contribution by the C-30+ 
fractions. Handil crude is an extreme example, in which almost the 
entire contribution is from the C-25-30 range material and only a limited 
contribution is from the C-30+ material. The one exception appears to be 
Escravos crude for which a distinct C-25-30 peak is present, but a very 
substantial contribution by components of very high carbon number is also 

I observed. 
I 

Based np these noted differences in crude types it is now feasible 
to attempt to explain differences in crude responses to chemical 
additives. For example, the difference in behavior of Cabinda and Handil 
crudes can be attributed to the differences in the nature and 
distrihutjon of the wax components in the two crudes, wherein a much 
narrower distribution of waxes is present in Handil relative to Cabinda. 
The response of these two crudes to additives would also be substantially 
different. Any additive in Handil crude would be swamped by a large 
amount of wax precipitating over a very narrow temperature range, whereas 
with Cabinda the effect would be much more gradual, with the additjve 
capable of modifying the initjal wax precipitate, vhich in turn could 
serve to modify the interaction between successive wax precipitates. 

However, an intriguing question that remained unanswered was whether 
the differences in behavior of the two crudes could be attributed m0r.e to 
the lifferencec in the saturFte fractions present ir. the crudes, or to 
the more cor.plex combination of  material that represented the 
precipitated wax fraction. To this end preparative HPLC was used to 
isolate the pure saturate fractions from a number of crudes, and these 
saturate fractions analysed by GPC. The results, presented in Figure 5, 
indicated that the pure saturates are remarkably similar in size 
distribution, and consequently differences in behavior must be dependent 
on the chemical nature of the complexes formed between the saturates and 
aronatic, polar ar.d asphaltene type components also present in the 
crudes. 

Correlating V2x Content to the Pour Point 

Numerous previous attempts to correlate the pour point t o  the wax 
content of a crude oil have not been very successful. Our studies have 
shown that the complex chemistry of the interactions involved would 
preclude any general correlation. Regression analysis was used to 
explore possible correlations between the pour point and the wax content 
of the crudes or the saturates present in the waxes. Tahle 3 presents 
the severa! variables (xl - x , ~ )  explictlp defined as functions of wax 
content ar.d saturates in wax respectively. 
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TABLE 3 

Variables for Multiple Regression analysis 

x9 =_l/ex 
x lnx/x 

X12 = x(lnx) 

2 

2 
2 x1 = x x E X  

x3 = l p  

x4 = e 

x5 = 1/xx2 
x;; = (I-x) 6 x = lfx 2 

x7 = 'lax x8 = e 

x = Wt. X Wax Wt. X of Saturates in Wax 

with 
used 

Functions x , x7 and x 
the available data. 
in multiple regression analysis, not all appear in the final 

were not used as they did not correlate well 9 Even though the remaining nine functions were 

regression equations, since the occurrence of singularities in the 
coefficient matrix indicated that the regression coefficient could not be 
solved simultaneously. 

Equation 1 presents the relationship between the wax content and 
pour point. 

Pour Point ( O F )  = -44522.14 - 1333.95~ + 15754.08~ t 41954.46~ 6 + 69462.51~~~ + 2 2 6 . 3 1 ~ ~ ~  3 

The correlation coefficient for this equation is .9423. A much 
higher correlation coefficient (0.9978) was obtained for the correlation 
between the pour point and the amount of saturates present in the wax 
fraction. Equation 2 is the necessary equation for this case. 

Pour Point (OF) = 49395.11 - 416.66~~ + 50834.54~ - 14439.62~~ - 2) 
2. 78x6 - 125575 .07x6 - 103337. 73xlO 

CONCLUSIONS 

The pour point phenomena in waxy crudes is a complex chemical event 
which is influenced both by the amount of the saturates present in the 
crude and the chemical composition of the crude. GPC characterization of 
the wax precipitates allowed classifying the 12  crudes into three 
distinct types. HPLC analysis of the wax precipitates indicated that 
they are comprised of a complex mixture of saturate, aromatic, polar and 
asphaltic material. Differences in the behavior of the crudes and in 
their response to additives can be attributed to the differences in the 
distribution and composition of the wax fractions. 
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UNDERSTANDING THE POUR POINT DEPRESSION MECHANISM-I1 
MICROFILTRATION ANALYSIS OF CRUDE OILS 

D. S. Schuster and C. A. Irani 

Gulf Oil Research h Development, Production Research Center, 
P. 0.  Box 37048, Houston, TX 77236 

SUMMARY 

This study helps to explain the high pour point phenomena in waxy 
crudes and begins to explain differences in crude oils that do and do not 
respond to pour point depressants. Microfiltration was used to separate 
the waxes that precipitate out at the various temperatures in waxy crude 
oils. These waxes, which can be composed of saturates, aromatic, polars 
and asphaltenes, vary in molecular weight and composition with their 
temperature of precipitation in a waxy crude. Waxes that precipitate out 
of the crude oil solution at temperatures above the pour point are of 
higher molecular weight and have a high asphaltene content. 
that precipitate at lower temperatures have lower molecular weights and 
contain mostly saturates. Detailed chemical analysis showed that the 
temperature where asphaltenes are no longer associated with the waxes 
represents the maximum degree of pour point depression obtainable. 
trend was verified for six waxy, high pour point crudes. 

The waxes 

This 

INTRODUCTION 

A s  pointed out in the preceding paper, treating waxy crudes with 
pour point depressants often offers a solution to high pour point 
problems. However, a major uncertainty with the chemical additive 
treatment for reducing the pour point is that many waxy crudes only show 
a limited response to the pour point depressant. Additionally, the 
mechanism of pour point reduction, while often hypothesized, still 
remains unknown. 

Four questions concerning pour point depression were posed in the 
last paper. 
questions and indicated that the pour point is a function of the amount 
of saturates in the wax fraction, the waxes are composed of aromatic, 
polar and asphaltic components in addition to the saturates, and that the 
waxes in different waxy crudes can be classified into three types. Thus, 
when dealing with waxy crudes, the polar, aromatic and asphaltic 
components must be considered. 

This paper attempts to answer the remaining questions posed in the 

That paper demonstrated the answers to the first three 

last paper, and a number of questions that follow from it. Specifically, 
1) What happens at the pour point temperature? 2) Why can't the pour 
point of many crudes be depressed beyond a certain temperature? and 3)  
why are pour point depressants effective on only certain crudes? 
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EXPERIMENTAL 

Wax Fractionation 

As presented in the previous paper, a method was defined to obtain 
the total amount of wax in a hydrocarbon fraction at a predetermined 
temperature of -17.8"C (O'F). 
the waxes over distinct temperature ranges so that a more continuous 
analysis of the changing wax composition could be undertaken. 

This procedure was modified to fractionate 

The crude was diluted (1OO:l) with methyl ethyl ketone and heated to 
150°F. Bulk asphaltenes were removed by filtration at this temperature. 
The diluted sample was cooled through a series of 5.5"C (10'F) 
temperature intervals, with the precipitated wax being removed from the 
sample at each interval. The end results is a totally dewaxed oil at 
-17.8'C (0°F) with the waxes separated out in successive 5.5OC (10'F) 
temperature ranges. The separated waxes were then further analyzed by 
the HPLC and GPC methods discussed in the previous paper. 

Centrifuge Study 

Treatment with additives often does not reduce the crude's pour 
point to a sufficient degree. Indications are that the additive is 
successful with the initial range of waxes, but the either the additive 
is ineffective with the next range of waxes (which gives rise to the 
depressed pour point) or its effectiveness is inhibited by the deposition 
of waxes. The purpose of.the centrifuge study was to separate the first 
precipitate of treated waxes, so that the succeeding wax fractions could 
be isolated for  treatment and analysis. If a significant pour point 
reduction was obtained on this next set of waxes, the two treatments were 
then combined into a single treatment for the entire crude. 

The basic experimental procedure was: 

Treat the crude sample with the most successful additive 
package. 

Remove the crude from the predetermined optimum oven cycle and 
transfer to centrifuge tubes at 22.2'C (40'F) above the treated 
crude's pour point. 

Transfer the centrifuge tubes to a waterbath and cool the 
samples at 1°C/hr. (0.6'F/hr.) to ll.l°C (20'F) above the 
treated crude's pour point. 

Preheat the centrifuge to the same temperature as in Step 3 
above, and centrifuge the samples for five minutes. 

Decant the top liquid phase from the settled waxes. 

The top liquid phase was subjected to further treatment for pour 
point depression, and both the wax phase and the top liquid phase were 
further analyzed. 
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RESULTS AND DISCUSSION 

This study resulted in several interesting findings which are 
presented below. First, an analysis of the waxes obtained at different 
temperatures showed that the waxes precipitating above the pour point 
have a high molecular weight and contain significant amounts of 
asphaltenes. Another finding was that a strong association exists 
between asphaltenes and waxes that precipitate at various temperatures. 
The lowest temperatures at which asphaltenes are still present with the 
wax appears to indicate the maximum amount of pour point reduction 
achievable by the use of chemical additives. 
below. 

Further details are offered 

Wax-precipitation Temperature Trends 

Analysis of the waxes separated at various temperatures from a crude 
indicates that the waxes that precipitate at temperatures above the 35'C 
(95°F) congealing temperature differ from those that precipitate at lower 
temperatures. 

The first difference is shown by the GPC molecular size distribution 
curves (Figure 1) for Bu Attifel crude. The wax fractions isolated at 
32.2"C (9OOF) and 37.8"C (100'F) indicate that the waxes that precipitate 
below the congealing temperature is reached are composed of higher 
molecular weight components. Each size distribution curve represents a 
contribution from both higher and lower molecular weight species which 
show up as two distinct peaks. A reversal in the relative contributions 
from the two species takes place between 32.3"C and 37.8"C. 
higher temperatures (above the congealing temperature), the more sizeable 
contribution is from the higher molecular weight species (peak on the 
left), but at 32.2"C the major contribution is from the lower molecular 
weight components (peak on the right). 

At the 

The second tend indicates that above the 35°C (95'F) congealing 
temperature, the wax fractions are primarily composed of asphaltenes, but 
at temperatures below the congealing temperature the waxes contain mostly 
saturates (Table I). therefore, possib1.e nucleating sites for wax 
crystal growth that precipitate at temperatures above the congealing 
temperature are primarily asphaltenes. 
removed by filtration during the wax separation. Apparently, some type 
of asphaltenes must be associated with the waxes, and they are not 
removed by bulk deasphaltening. 

These asphaltenes were initially 

i r 
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TABLE I 

HPLC ANALYSIS OF BU ATTIFEL WAXES SEPARATED BY MODIFIED 6-281 

(6-281) HPLC of the Waxes 
A I 1 

TEMPERATURE- WT. % WT. % WT. % WT. x WT. % 
WAX REMOVAL WAXES SATURATES AROMATICS POLARS ASPHALTENES 

95.0 --- 100’F 1.8 4.7 0.3 
100 
95 
90 
80 
70 
60 
50 
40 
30 
20 
0 

-20 

1.1 
1.0 
0.4 
1.7 
1.6 
5.6 
2.3 
2.4 
3.6 
4.1 
5.0 
4.3 

24.0 
95.5 
95.9 
89.7 
89.0 
95.9 
94.6 
96.6 
97.2 
95.7 
96.8 
96.3 

0.7 
2.1 
2.8 
1.7 
2.5 
3.5 
4.4 
3.0 
2.7 
3.6 
2.7 
3.2 

0.3 
0.4 
0.7 
0.2 
0.2 
0.1 
0.6 
0.4 
0.1 
0.7 
0.5 
0.5 

75.0 
2.0 
0.6 
8.4 
8.3 
0.4 
0.4 --- 

--- 

Aside from the uncertainty a s  to the source of the asphaltenes, it 
is understandable why the higher temperature waxes are composed of 
asphaltenes. Asphaltenes are high molecular weight species and can be 
viewed as being more peptized (less flocculated) at the higher 
temperatures. Therefore, asphaltenes would tend to associate with the 
higher temperature waxes. The presence of these asphaltenes with the 
higher temperature waxes could also explain why the GPC molecular size 
distribution contains two peaks. The peak on the left probably 
represents the asphaltenes, while the peak on the right might represent 
the saturates and associated polars and aromatics. 

This reasoning does not, however, explain either how or why the 
asphaltenes are associated with any of these waxes, since a bulk 
deasphaltening step should have removed them. Further analysis of this 
asphaltene association yielded some interesting results which are 
outlined below. 

Asphaltene Effect 

As noted, asphaltenes are associated with the waxes, even though 
they should have been removed by a bulk deasphaltening step during the 
wax separation. 
saturates, aromatics, polar, and asphaltene content of Bu Attifel in two 
different manners. 

This association was verified by determining the 

First, Bu Attifel crude was directly separated by group type into 
saturates, polars, aromatics, and asphaltenes and volatiles by HPLC. 
Conversely, by total wax separation at 0°F. the crude was separated into 
the total wax, oil and bulk asphaltene fractions. 
then analyzed by HPLC to yield the group types contained in the 
fractions. 
and asphaltenes should be obtained for both separation methods. 

These fractions were 

The same total amounts of the saturates, aromatics, polars 

1 7 2  
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As can be seen in Table 11, this does not appear to be true for the 
asphaltenes and saturates. Only when the saturates and asphatenes are 
added together is  conservation of mass satisfied. Apparently, the 
saturates and asphaltenes are associated with one another and do not 
totally separate from one another during the bulk deasphaltening step. 
Asphaltenes have been reported to be associated with polar and aromatic 
components during deasphaltening, but in this case, the deasphaltening 
step is leaving asphaltenes behind. 

TABLE I1 

BU ATTIFEL CRUDE COMPONENT ANALYSIS 

HPLC Analysis After Separation Into Was, 
Asphaltenes, and Oil By Gulf Method 281 

Components Saturates Insolubles Polars Aromatics Volatiles 
(asphaltenes) 

Wax 29.5 = 27.317 + 1.475 + .OS9 + .649 + 0 
Asphaltenes 3.9 = .I7 + 3.72 + 0 + 0 + 0 
Oil 41.0 = 36.018 + 0 + .241 + 4.751 + 0 
Volatiles 25.6 = 0 + 0 + 0 + 0 + 25.6 

Total 100.00 = 63.505 5.195 + . 3  + 6.40 + 25.6 

68.7 

HPLC Analysis of the Total Crude 

Total Crude 100.00 = 67.8 + .31 + 5.79 + 25.6 w 68.7 

It is interesting to note the precipitation temperature at which the 
waxes no longer contain asphaltenes (Table I). 
with the waxes that precipitate at temperatures below 10°C (SOOF). 
should be noted that Bu Attifel crude's pour point has never been 
depressed below this temperature. 

No asphaltenes are found 
It 

Similar analysis of Cabinda Crude (Table 111) verifies the Bu 
Attifel results. As with Bu Attifel crude, asphaltenes are associated 
with the saturates at higher precipitation temperatures. Asphaltenes 
are, however, found with all of the waxes that precipitate out to -17'C 
(OOF). This is especially interesting since this wax precipitation 
temperature also represents the maximum depressed pour point obtained for 
Cabinda crude by using chemical additives. 
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TABLE I11 

HPLC ANALYSIS OF CABINDA WAXES SEPARATED BY MODIFIED 6-281 

(G-28 1 )  HPLC of the Waxes 

TPIPERATURE- 
WAX REMOVAL 

( O F )  

100 
90 
80 
70 
60 
50 
40 
20 
0 

A 
WT. X 
WAXES 

2.1 
0 .3  
3.1 
2 .0  
1.4 
2.2 
3.7 
4.4 
3 .3  

WT. % 
SATURATES 

12.4 
20.4 
57.0 
70.5 
70.3 
70.3 
60.0 
66.7 
66.2 

WT. X 
AROMATICS 

4.1 
7.2 

13.6 
11.6 
12.2 
12.7 
16.4 
16.3 
18.5 

WT. X 
POLARS 

8.3 
28.8 
24.4 
17.5 
17.4 
16.6 
23.3 
16.9 
15.1 

I 
WT. % 

ASPHALTENES 

75.2 
43.6 

1.7 
0.4 
0.1 
0.4 
0.3 
0.1 
0.2 

Additional analysis of six crude o i l s  confirms that asphaltenes are 
associated with the level of pour point depression. Table IV summarizes 
the maximum effect of pour point depressants on the crudes. Note that 
this temperature also represents the temperature at which the 
asphaltene-saturate association ends. 

TABLE IV 

ASPHALTENE - POUR POINT DEPRESSION TREND 
CRUDE WASATCH GREEN RIVER HANDIL GOBBS - - 

Pour Point (OF) 105 95 90 85 

Maximum Depressed 
Pour Point ( O F )  105 60 70 30 

Temperature- 
Wax Removal 

110 
100 
95 
90 
80  
7 0  
60 
50 
40 
30 
20 

0 

* 
HPLC Indication of Asphaltene 

* * 
* * 
* * 
* * 
* * 
* * 
* 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

*Denotes presence of asphaltenes. 

174 



, 

The treated and untreated waxes in Bu Attifel crude were isolated by 
the centrifuge method and analyzed with HPLC. 
(Table V) that the untreated portion of Bu Attifel crude contained “0 
asphaltenes. 

This study indicated 

TABLE V 

ANALYSIS OF UNTREATED, CENTRIFUGED BU ATTIFEL WAXES 

(G-281) HPLC OF THE WAXES 

TEMPERATURE- t-t , I 1 
WAX REMOVAL WT. X WT. X WT. X WT.X WT. X WT. X 

(FO) WAXES SATURATES AROMATICS POLARS VOLATILES ASPHALTENES 

0 33.9  70.9 6.5 0 .4  22.2 0.0 

Based on these results it appears that the presence of asphaltenes 
with waxes indicates that the waxes will be susceptible to wax crystal 
modification and subsequent pour point reduction induced by chemical 
additives. 
wax crystalline form that is susceptible to modification, or themselves 
caused a weak link in the wax crystal and thus cause the wax to be 
susceptible to modification. 

It is apparent that the asphaltenes are either a symptom of a 

Past research has suggested that asphaltenes can aid or act as wax 
crystal modifiers (pour point depressants), but it was never possible to 
predict their effect on a given crude or distillate. Therefore, these 
results also begin to explain some of the ambiguities encountered with 
using asphaltenes as pour point depressants. Plain bulk asphaltenes may 
never be associated with or interfere with a given wax structure, but 
specific asphaltenes, such as those associated with the waxes in Cabinda 
crude may be necessary. 

CONCLUSIONS 

1) Waxes that precipitate at temperatures above the congealing 
temperature contain mainly asphaltenes. These waxes also are 
composed of higher molecular weight species than the waxes that 
precipitate at temperatures below the congealing temperature. 

Asphaltenes appear to play an important role in pour point 
reduction. They either symptomize waxes that are susceptible 
to chemical additives, or else interfere with the congealing 
mechanism. The presence of asphaltenes with waxes indicates 
that the waxes will be modified by chemical additives. 

Different high pour crudes have different wax precipitation 
temperature limits of the wax-asphaltene association. 
Therefore, the maximum pour point depression attainable with 
each crude appears to be a function of the precipitation 
temperature where asphaltenes are no longer associated with the 
waxes. 

2) 

3)  
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4 )  The bulk asphaltenes may be chemically different from the 
asphaltenes found associated with the Bu Attifel and Cabinda 
waxes. 
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APPLICATIONS OF PERCOLATION THEORY TO THE ANALYSIS OF COAL GASIFICATION 

S e b a s t i i n  Reyes and Klavs F. Jensen 

Department o f  Chemical Engineering and Mater ia l s  Science 
U n i v e r s i t y  of Minnesota, Minneapolis, MN 55455 

INTRODUCTION 

The changes in pore s t r u c t u r e ,  i n t e r n a l  sur face  area, and t r a n s p o r t  charac te r i s -  
t i cs  of  porous carbonaceous materials play a major r o l e  in t h e i r  g a s i f i c a t i o n  behav- 
i o r .  To descr ibe  the  complex i n t e r a c t i o n s  of phys ica l  and t ranspor t  p r o p e r t i e s  dur- 
ing  char  g a s i f i c a t i o n ,  it is e s s e n t i a l  t o  have a r e a l i s t i c  model f o r  the  evolut ion 
of geometr ical  and topologica l  f e a t u r e s  of the  pore space. Several  models f o r  the 
s t r u c t u r a l  changes during gas-sol id  reac t ions  have been developed (1-11) r e s u l t i n g  
i n  important c o n t r i b u t i o n s  t o  the  understanding of char  g a s i f i c a t i o n  reac t ions .  
Nevertheless ,  ref inements  a r e  needed s i n c e  a v a i l a b l e  models can s u c c e s s f u l l y  pred ic t  
on ly  a subset  of experimental  observat ions.  Even though a v a i l a b l e  s t r u c t u r a l  models 
i n c l u d e  key f e a t u r e s  of pore branching, important topologica l  e f f e c t s  are l o s t  when 
t h e  inf luence  of c losed  p o r o s i t y  is not  taken i n t o  account and e f f e c t i v e  d i f f u s i o n  
c o e f f i c i e n t s  a r e  evaluated through t o r t u o s i t y  f a c t o r s .  Another key topologica l ly  
dependent property is the  eventual  f ragmentat ion of t h e  p a r t i c l e  a t  a cr i t ical  por- 
o s i t y .  The uniform development of poros i ty  in t h e  k i n e t i c  regime causes  p a r t i c l e  
d i s i n t e g r a t i o n  p r e f e r e n t i a l l y  a t  h igh  conversions.  On t h e  o ther  hand, when d i f fu-  
s i o n a l  res i s tances  are important ,  the  c r i t i c a l  poros i ty  of f ragmentat ion is reached 
f i r s t  a t  the  particle s u r f a c e ,  causing the continuous shr inkage of the  p a r t i c l e  from 
t h e  e a r l y  s tages  of  conversion.  Consequently, the  o v e r a l l  conversion is not only 
determined by the conversion l e v e l  of the  shr inking  p a r t i c l e  but a l s o  by the  h i s t o r y  
o f  re leased  fragments. An i n t e r e s t i n g  t reatment  of particle shrinkage during char  
p a r t i c l e  combustion has been presented by Gavalas ( 9 ) .  However, more d e t a i l e d  anal- 
y s i s  is required t o  relate the  c r i t i c a l  poros i ty  of fragmentation t o  the  topology of 
t h e  i n t e r n a l  s t r u c t u r e .  

t o  t h e  a n a l y s i s  of coa l  g a s i f i c a t i o n .  It is  well known t h a t  inorganic  impur i t ies  
n a t u r a l l y  present  i n  char  particles can ca ta lyze  gas i f icaEion  r e a c t i o n s  (12) .  How 
e v e r ,  our primary o b j e c t i v e  i s  t o  improve the s t r u c t u r a l  models. Realist ic exten- 
sions may then be made t o  include c a t a l y t i c  e f f e c t s .  The present  particle descrip- 
t i o n  focuses on s t r u c t u r a l  and topologica l  f e a t u r e s  not  included' i n  previous models. 
The use of percola t ion  theory  provides  a n a t u r a l  framework f o r  understanding and 
eva lua t ing  the  r o l e  of pore opening. pore enlargement and pore over lap  in t h e  evolu- 
t i o n  of poros i ty  and i n t e r n a l  sur face  a rea .  Moreover, it accura te ly  descr ibes  the 
fundamental in f luence  of pore topology on t r a n s p o r t  c h a r a c t e r i s t i c s  of t h e  i n t e r n a l  
s t r u c t u r e ,  a s  well a s  particle fragmentat ion phenomena a t  high p o r o s i t i e s .  

PERCOLATION CONCEPTS AND STRUCTIlRAL PROPERTIES 

A general  d e s c r i p t i o n  of char  g a s i f i c a t i o n  r e q u i r e s  a model r e l a t i n g  physical  

The objec t ive  of t h i s  paper is t o  present  an a p p l i c a t i o n  of percola t ion  theory 

and t ranspor t  p r o p e r t i e s  to  l o c a l  s t r u c t u r a l  changes. This model should accura te ly  
d e s c r i b e  the  a c c e s s i b l e  p o r o s i t y  (.+A), a c c e s s i b l e  i n t e r n a l  sur face  area per uni t  
volume ( iA) .  and e f f e c t i v e  t r a n s p o r t  c o e f f i c i e n t s  ( E ~ )  a s  funct ions of l o c a l  carbon 
Conversion. 
(i) and t o t a l  poros i ty  (4)  can be l o c a l l y  descr ibed through the r e l a t i o n s :  

The p o t e n t i a l  c o n t r i b u t i o n s  from closed pores  t o  the  t o t a l  sur face  a r e a  
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where the superscript I on $ and 2 identify the isolated porosity and surface area. 
Equations 1 and 2 are necessary to account for pore opening by chemical reactions of 
the internal structure. 

of $A as well as on the size and geometry of the pores. 
main topological features of the internal structure, such as dead ends and tortuous 
paths, which determine the extent of mass transport through the pore space. More- 
over. if Knudsen diffusion is significant, the evolution of the pore size distribu- 
tion also becomes a key factor in predicting transport. 

Since a complete characterization of pore space morphology cannot be obtained by 
regular geometrical and topological simplifications, it is desirable to resort to 
some statistical description. This is supported by the observation that the major- 
ity of porous solids exhibit highly disordered structures. Consequently the sta- 
tistical means of p&rcolation theory are ideally suited for evaluating + A s  &A and 
in terms of $. Percolation theory, first introduced by Broadbent and Eammersley 
(13), has been successfully applied to describe numerous physical and mechanical 
phenomena in disordered media. Key concepts and details of the theory can be found 
in available review papers (e.g. (14-16)). 

Transport and reactions in porous solids can be modelled, in principle, by con- 
structing large space filling random structures. However, the computational effort 
involved surpasses available resources even in large scale computing facilities. 
Fortunately, key features of these models are captured by simple networks. Reyes 
and Jensen (17) have recently demonstrated that a network model of pore topology, a 
so-called Bethe network may be used to evaluate + A  and EE in porous solids. 
network is an endlessly branching tree lacking reconnections and completely charac- 
terized by its coordination number Z. The coordination number is the number of 
bonds connecting each site. If a fraction $ of randomly selected bonds are labeled 
as "pores", $A is a unique function of $ and Z .  

old value $=, called the percolation threshold. the pore space consists of discon- 
nected regions, 1.e. isolated pores. The threshold value for Bethe networks is 
given by (18): 

The effective transport coefficients are strongly dependent on the development 
That is, $A reflects the 

A Bethe 

If $ is less than a nonzero thresh- 

$c * U(z-1) 3) 
i- 

The network thus defined can be conveniently w e d  to simulate topological features 
in porous solids. Since its topological properties are preserved by increasing or 
decreasing the length and/or the cross-section of the bonds, the experimentally 
measured porosity, $A, and pore size distribution, f(r), can be readily matched to 
the network model by randomly removing a fraction l-$($A,z) of bonds and distribut- 
ing sizes to a fraction $($A,z) according to f(r). To completely specify the appro- 
priate network model simulating the pore space of the porous solid, the coordination 
number of the Bethe network must be selected. This number is chosen to match the 
percolation threshold of the Bethe network and the porous solid. OC for the solid 
can be determined from fragmentation studies (19) through the relation: 

oc = 1 - $* 4 )  

where +* is the critical porosity of fragmentation. 
directly determine z from experimental data on effective diffusion coefficients (17). 
A schematic representation of accessible pore space simulated by a 3-coordinated 
Bethe network is shown in Figure 1 for arbitrary inputs of $A and f(r). 
tiveness of this approach is that effective transport coefficients can be exactly 
evaluated for binary mixtures without resorting to tortuosity factors while explic- 

Close agreement has been found between predictions with this method and published 
experimental data on effective diffusion coefficients (17). 
shows experimentally measured diffusion coefficients for the pair CD-CO2 in porous 

An alternative approach is to 

The attrac- 

, itly accounting for the influences of narrow necks, tortuous paths and dead ends. 

As an example, Table 1 

' 

I 
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e l e c t r o d e  g r a p h i t e  (20). and predicted values  with a 5-coordinated Bethe network. 
Predicted values  a r e  i n  e x c e l l e n t  agreement with measurements f o r  a wide range of 
temperatures  (18-900°C) and pressures  (0.1-10 atm). Moreover, t h i s  approach allows 
a n a t u r a l  ex tens ion  f o r  eva lua t ing  cE i n  changing s t r u c t u r e s .  s i n c e  input  values  of 
@ and f ( r ) ,  c h a r a c t e r i z i n g  the l o c a l  morphology, can be determined from independent 
balance equat ions.  

f ragmentat ion may be modelled by Equations 3 and 4. Once the appropr ia te  coordina- 
t i o n  number has been s e l e c t e d ,  both +c and +* a r e  determined. 
emphasized t h a t  +* is based s o l e l y  on topologica l  f e a t u r e s  of two-phase s t r u c t u r e s  
l e a d i n g  t o  p a r t i c l e  breakup by r e a c t i o n s ,  and not  to mechanical phenomena, such a s  
abrasion.  

By using the  present  Bethe network representa t ion  of t h e  pore space, p a r t i c l e  

However, it should be 

The mass d i s t r i b u t i o n  of re leased  fragments may be est imated a s  (21): 

where n is an i n t e g e r  number represent ing  the  s i z e  of the c l u s t e r  whose mass is amf.  
wi th  mf being the  mass of the  smal les t  f r a c t a l  u n i t  c h a r a c t e r i z i n g  the  s t r u c t u r e .  

To complete t h e  framework f o r  a g a s i f i c a t i o n  model, t h e  a c c e s s i b l e  i n t e r n a l  SUP 

f a c e  a r e a  must be r e l a t e d  t o  t h e  l o c a l  s t r u c t u r e .  Consis tent  with the Bethe network 
formulat ion,  and based on p r o b a b i l i s t i c  arguments. iA can be est imated a s  (21): 

The constant  K is r e l a t e d  t o  the  mass per  u n i t  volume of a f r a c t a l  u n i t ,  and can be 
obtained by matching gA t o  a s i n g l e  s u r f a c e  a r e a  determinat ion.  
p l i c a t i o n s  of t h i s  approach a r e  t h a t  e f f e c t s  of pore enlargement and pore overlap 
become n a t u r a l  consequences of increas ing  0 i n  a random fashion. 

The important im-  

GASIFICATION MODEL 

G a s i f i c a t i o n  of a s i n g l e  char  p a r t i c l e  in CO2 is chosen t o  i l l u s t r a t e  the perco- 
l a t i o n  based approach o u t l i n e d  i n  the previous sec t ion .  It is f u r t h e r  assumed tha t  
t h e r e  a re  no c a t a l y t i c a l l y  a c t i v e  mineral  impur i t ies  in t h e  char. The eva lua t ion  of 
phys ica l ,  t r a n s p o r t  and fragmentat ion p r o p e r t i e s  r e q u i r e  i n i t i a l  da ta  r e a d i l y  avaf l -  
a b l e  by convent ional  c h a r a c t e r i z a t i o n  of porous s o l i d s  (e.g. +$, $6, f o ( r ) ) ,  except 
f o r  the coord ina t ion  number of the  network. This number can be implied from experi- 
mental  d a t a  on d i f f u s i o n  c o e f f i c i e n t s  or f ragmentat ion s t u d i e s .  HOWeVeK, here  it is 
considered as a parameter t o  s imulate  g a s i f i c a t i o n  behavior of char  p a r t i c l e s  with 
varo ius  l e v e l s  of pore space connec t iv i ty .  
(17) - 
t o  an increase  i n  the number of moles, mass t r a n s f e r  c o n t r i b u t i o n s  from both concen- 
t r a t i o n  and pressure  g r a d i e n t s  must be included in the  model equat ions.  The der iva-  
t i o n  of t h e  appropr ia te  equat ions descr ib ing  t h e  g a s i f i c a t i o n  behavior f o r  the above 
condi t ions  has been presented elsewhere (22). 
t i o n s  may be summarized as:  

Mass balances f o r  gaseous components: 

Typical  va lues  f a l l  i n  t h e  range 4 t o  8 

Since t h i s  r e a c t i o n  leads The r e a c t i o n  is considered t o  be f i r s t  order  i n  C02. 

I n  dimensionless form, modelling equa- 

i # j - CO,COz 
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Mass balance f o r  s o l i d  phase: 

Y(E.0)  = 0, 

Rate of p a r t i c l e  shrinkage: 

T < T* 

T > T* 

The dimensionless v a r i a b l e s  were chosen t o  f a c i l i t a t e  the numerical s o l u t i o n  of 
t h e  modeling equat ions and expose time cons tan ts  f o r  key physicochemical processes  
involved. S, (. A ,  X a r e  dimensionless  sur face  area, pore r a d i u s ,  p ressure  and gas 

E:; and cEP a r e  dimensionless l o c a l  e f f e c t i v e  d i f f u -  concent ra t ion ,  respec t ive ly .  
s i o n  and permeabi l i ty  c o e f f i c i e n t s .  r e s p e c t i v e l y .  
r/r*, where r* is the  ins tan taneous  p a r t i c l e  rad ius .  t h e  moving boundary problem is 
transformed t o  a f ixed  one. The second term on the  r i g h t  hand s i d e  of Equation 11 
accounts  for  t h e  e f f e c t  of the  moving boundary a r i s i n g  from shr inking  p a r t i c l e  s i z e .  
The e x t e r n a l  sur face  of the  particle receeds by two major mechanisms: chemical 
r e a c t i o n  on t h e  e x t e r n a l  sur face  and per imeter  f ragmentat ion.  as descr ibed  by 
Equat ions 13 and 1 4 ,  r e s p e c t i v e l y .  T* is the  dimensionless  t i m e  a t  which + i n  
Equation 11 reaches the c r i t i c a l  p o r o s i t y  of f ragmentat ion +*. 
f i c a t i o n  of the  modelling equat ions requi res  working express ions  f o r  OA(+ ,z) and 
EE(z,+,f(r) ,L(r))  developed i n  Reyes and Jensen (17). 

i j  
By def in ing  q = r*/rOc and 5 = 

The complete speci- 

GASIFICATION I N  THE KINETIC REGIME 

I n  the  k i n e t i c  regime CO2 is uniformly d i s t r i b u t e d  throughout the  p a r t i c l e  so 
only t h e  r a t e  of carbon consumption, according to  Equation 11, is  required t o  
d e s c r i b e  the g a s i f i c a t i o n  behavior. Furthermore. s i n c e  only a n e g l i g i b l e  p a r t i c l e  
shr inkage occurs  due t o  chemical r e a c t i o n  on the  e x t e r n a l  sur face ,  the  second term 
on the  r i g h t  hand s i d e  of Equation 11 can be neglected.  Because of t h e  uniform por- 
o s i t y  increase  throughout the  p a r t i c l e ,  Equation 14 p r e d i c t s  an ins tan taneous  d is in-  
t e g r a t i o n  of t h e  p a r t i c l e  when + reaches +*- For 0 > +* i t  can be shown t h a t  (21): 

where roc is t h e  i n i t i a l  p a r t i c l e  r a d i u s ,  and $ is now a pseudo-porosity whose com- 
plementary f r a c t i o n  (1-0) represents  t h e  remaining f r a c t i o n  of the  i n i t i a l  s o l i d  
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mater ia l .  I f  conversion is r e l a t e d  t o  0 through the  r e l a t i o n :  

then  the g a s i f i c a t i o n  r a t e  is  evaluated as:  

Therefore ,  by using Equations 11, 16,  17 and 18 t h e  complete ga Lfic 

18s) 

18b) 

t i o n  be- 
havior  of a char  p a r t i c l e  can be simulated. 
chosen for t h i s  purpose are summarized i n  Table 2 .  It is assumed t h a t  micro- and 
mesopores a r e  pr imar i ly  respons ib le  f o r  t h e  sur face  a r e a  and t h a t  they account for  
213 and 113 of the  pore volume, respec t ive ly .  By using the genera l  model equat ions 
it was v e r i f i e d  t h a t  t h e  parameter values  i n  Table 2 correspond t o  g a s i f i c a t i o n  
under k i n e t i c a l l y  c o n t r o l l e d  condi t ions .  F igure  2 summarizes g a s i f i c a t i o n  behavior 
f o r  porous char  p a r t i c l e s  with d i f f e r e n t  i n i t i a l  a c c e s s i b l e  p o r o s i t i e s .  A coordina- 
t i o n  number of 2-7 was chosen to s imula te  a complex random s t r u c t u r e  g iv ing  a criti- 
cal  poros i ty  of f ragmentat ion of approximately 5 /6 ,  s i m i l a r  t o  values  observed by 
Dutta  et a l .  (23) and Kers te in  and Niksa (19). The s o l i d  l i n e s  descr ibe  t h e  gas i f i -  
c a t i o n  before  p a r t i c l e  d i s i n t e g r a t i o n .  As expected,  t h e  higher  the  i n i t i a l  porosi ty  
t h e  lower t h e  conversion a t  which p a r t i c l e  d i s i n t e g r a t i o n  takes  place. Beyond t h i s  
c r i t i c a l  conversion,  t h e  g a s i f i c a t i o n  o f  fragments is descr ibed by the  dashed l i n e s ,  
as evaluated by Equat ions 16. 17 and lab .  The shapes of the  r a t e  curves  r e f l e c t  com- 
p e t i t i o n  between s u r f a c e  a r e a  enlargement due to pore growth a t  low conversion, and 
s u r f a c e  a r e a  decay due t o  pore coalescence a t  l a r g e r  p o r o s i t i e s .  With increas ing  
va lues  of i n i t i a l  p o r o s i t i e s  the  coalescence process  becomes important at s h o r t e r  
t i m e s ,  causing t h e  maximum r a t e  t o  decrease and s h i f t  towards lower values  of con- 
vers ion .  Further  i n c r e a s e s  i n  poros i ty  cause t h e  maximum t o  disappear .  

The ex is tence  of c losed  pores ,  a topologica l  f e a t u r e  of the  i n t e r n a l  s t r u c t u r e ,  
a l s o  plays a r o l e  i n  t h e  g a s i f i c a t i o n .  Their  ex is tence  has been experimental ly  de- 
termined by s e v e r a l  i n v e s t i g a t o r s  (e.g. 20 ,25).  This e f f e c t  can be r e a d i l y  i l l u s -  
t r a t e d  by analyzing the  behavior of char  p a r t i c l e s  with d i f f e r e n t  pore space connec- 
t i v i t i e s .  
i n t e r n a l  s t r u c t u r e  is t h e  higher  t h e  conversion a t  which particle d i s i n t e g r a t i o n  
t a k e s  place.  In a d d i t i o n ,  as t h e  connec t iv i ty  is increased ,  t h e  maximum rates de- 
crease i n  magnitude and s h i f t  toward h igher  values  of conversion. These phenomena 
are r e a d i l y  explained by not ing t h a t  t h e  lower the  connec t iv i ty  of the  pore space 
i s .  t h e  g r e a t e r  t h e  amount of c losed  pores  t h a t  can be made a c c e s s i b l e  by chemical 
r e a c t i o n s  of pore walls. This  i n  turn causes  t h e  a c c e s s i b l e  sur face  a r e a  t o  in- 
crease but a l s o  makes t h e  r a t e  of pore coalescence dominant a t  low conversions.  

Typical  k i n e t i c  and physical  parameters 

A s  observed from Figure 3, f o r  a $6 - 0.20, t h e  more connected the  t h e  

GASIFICATION IN THE DIFFUSIONAL REGIME 

To c l e a r l y  focus  on t r a n s p o r t  l i m i t a t i o n s  caused by i n t r a p a r t i c l e  phenomena, it 
w i l l  be assumed t h a t  t h e r e  is no boundary l a y e r  r e s i s t a n c e  f o r  mass t r a n s p o r t  t o  the 
e x t e r n a l  sur face  (1.e. 
r e a d i l y  be included in t h e  numerical s o l u t i o n  but  the  i n t e r p r e t a t i o n  of the r e s u l t s  
become unnecessar i ly  more complicated. 
numerical ly  by us ing  or thogonal  c o l l o c a t i o n  on f i n i t e  elements (23) .  

s i o n  and g a s i f i c a t i o n  rate depend not  on ly  on t h e  g a s i f i c a t i o n  behavior of the  

>> 1). The ex is tence  of boundary l a y e r  r e s i s t a n c e  can 

The modelling equat ions  7-15 were solved 

Once the onse t  of per imeter  f ragmentat ion has  been reached, t h e  g loba l  conver- 
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shr inking  particle but a l s o  on t h e  g a s i f i c a t i o n  h i s t o r y  of the re leased  fragments. 
By i n t e g r a t i n g  Equation 17 throughout the  p a r t i c l e  and d iv id ing  by the  p a r t i c l e  

i 
I volume, t h e  g loba l  particle conversion is evaluated as:  

I 1 
19) 

2 
i c p ( T )  3 f Xcp(C,T)S dC 

Since released fragments r e a c t  i n  a k i n e t i c  regime (21) .  t h e i r  conversions and 

0 

g a s i f i c a t i o n  r a t e s  are obtained by Equations 16 ,  17  and 18b. The g l o b a l  conversion 
of  the fragments re leased  a t  t i m e  TI i s  evaluated as: 

1 - +,{I + ((I-+*)/+*) exp[-Kroc(~-Ti)]} 

(l-+o)(l + ((I-+*)/+*) exP[-Kroc(T-Ti)]} 
X C f ( ~ , ~ i )  = , T > T i > T *  20 ) 

By weighting cont r ibu t ions  from thd shr inking  p a r t i c l e  and re leased  fragments, 
t h e  o v e r a l l  conversion behavior may be evaluated as :  

The corresponding p v e r a l l  g a s i f i c a t i o n  rate, dGg(T)/dT,  is obtained by taking 
t h e  t i m e  d e r i v a t i v e  of q g ( i )  i n  Equation 21. 

I n  order  to  i l l u s t r a t e  the  model pred ic t ions ,  the  g a s i f i c a t i o n  behavior of a 
c h a r  p a r t i c l e  at 1OOO'C with +& = 0.20 and s imulated with 2-7 is presented.  
condi t ions  as those i n  Table 2. Figure 4 shows COP concent ra t ion  p r o f i l e s  f o r  d i f -  
f e r e n t  l e v e l s  of carbon conversion. It i s  observed t h a t  as conversion increases ,  
t h e  p r o f i l e s  f l a t t e n  out  and approach the  bulk concent ra t ion .  This  increase  i n  con- 
c e n t r a t i o n  with burnoff is pr imar i ly  caused by improved t ranspor t  c h a r a c t e r i s t i c s  of 
t h e  i n t e r n a l  pore s t r u c t u r e ,  as pore space is widened and made access ib le .  Since 
conversion increases  most r a p i d l y  near  the  e x t e r n a l  sur face ,  where the  CO2 concen- 
t r a t i o n  is high. t h e - i n i t i a l  poros i ty  f o r  f ragmentat ion is f i r s t  reached a t  the  par- 
t icle sur face  when Xcg - 0.65. 
o f  chemical reac t ion  on the  p a r t i c l e  sur face ,  a rap id  decrease in p a r t i c l e  rad ius  
t a k e s  place by per imeter  f ragmentat ion.  

The evolu t ion  of t h e  dimensionless  a c c e s s i b l e  sur face  a rea  with carbon conver- 
s i o n  i s  shown i n  Figure 5. I n  t h e  ear ly  s tages  of conversion the  sur face  a r e a  grad- 
u a l l y  grows due t o  pore enlargment a s  wel l  as  the  cont r ibu t ions  from c losed  p re s .  
However, with increas ing  conversion. pore overlap between growing neighboring sur-  
faces .dominates  over pore enlargement, causing the  sur face  area t o  decrease.  
Because of the r a d i a l l y  nonuniform condi t ions  wi th in  the  p a r t i c l e ,  the  same q u a l i t a -  
t i v e  sur face  a r e a  behavior occurs  a t  each r a d i a l  p o s i t i o n  but a t  d i f f e r e n t  t i m e s .  
Even though t h i s  f i g u r e  i l l u s t r a t e s  t y p i c a l  behavior during char  g a s i f i c a t i o n ,  i t  
was previously shown t h a t  the  sur face  a rea  w i l l  not  e x h i b i t  a maximum under condi- 
t i o n s  where pore overlap is a l ready  dominant from t h e  beginning of the  g a s i f i c a t i o n .  

The o v e r a l l  g a s i f i c a t i o n  curve f o r  the  above example is shown i n  Figure 6. This 
curve represents  t h e  o f t e n  observed behavior where the r a t e  goes through a maximum 
a t  some in te rmedia te  conversion. As  i n t u i t i v e l y  expected,  the conversion f o r  maxi- 
mum r a t e  s h i f t s  toward higher  values  when the temperature is increased  from a kinet-  
i c  t o  a d i f f u s i o n a l  regime. Further  temperature increase  causes  the c r i t i c a l  con- 
vers ion  t o  decrease again,  and eventua l ly  the  maximum disappears ,  s i n c e  in  the  l i m i t  
of  high temperature the particle r e a c t s  with a pure ly  shr inking  core behavior (SC).  
A t  Xcg D 0.65 the  onset  of per imeter  f ragmentat ion is observed. 
rate e x h i b i t s  an increase  i n  i t s  s lope ,  which i n d i c a t e s  an a c c e l e r a t i o n  i n  the  gasi-  
f i c a t i o n  process  due t o  f ragmentat ion phenomena. This a c c e l e r a t i o n  e f f e c t  is small 
i n  the  present  example because t h e  high sur face  area of the p a r t i c l e  segrega tes  the 
s o l i d  s t r u c t u r e  i n t o  very small fragments ( 2 1 ) ,  whose concent ra t ion  before  t h e i r  

Other 

While n e g l i g i b l e  p a r t i c l e  shr inkage occurs  because 

A t  t h i s  point  the 

i 



re lease  is not much d i f f e r e n t  from the  bulk concent ra t ion .  I n  t h i s  case, the,acce-  
l e r a t i o n  is pr imar i ly  due to t h e  higher  r a t e s  i n  the shr inking  particle because of 
increasing o v e r a l l  t r a n s p o r t  r a t e s  with decreasing particle s i z e .  A much s t ronger  
e f f e c t  would have been observed i f  e x t e r n a l  mass t r a n s p o r t  r e s i s t a n c e s  were s i g n i f i -  
can t  (1.e. B,,,i << 1 ) .  

Figure 7 i l l u s t r a t e s  the change i n  p a r t i c l e  s i z e  wi th  p a r t i c l e  conversion f o r  
d i f f e r e n t  temperatures. At low temperatures the  p a r t i c l e  g a s i f i e s  i n  the  k i n e t i c  
regime and d i s i n t e g r a t e s  spontaneously when the  c r i t i c a l  poros i ty  is  reached. A s  
d i f f u s i o n  r e s i s t a n c e  i n c r e a s e s  i n  importance with higher  temperatures ,  perimeter 
fragementation occurs  a t  lower conversions.  I n  the  l i m i t  of very high temperatures 
(1.e. reac t ion  r a t e s )  per imeter  f ragmentat ion takes  place from the beginning and the 
p a r t i c l e  then fol lows t h e  c l a s s i c a l  shr inking  core (SC) behavior. 

CONCLUSION 

The a p p l i c a t i o n  of p e r c o l a t i o n  theory concepts  to  modelling of a s i n g l e  p a r t i c l e  
char  g a s i f i c a t i o n  has  been summarized. Emphasis has been placed on the  in te rpre ta -  
t i o n  and eva lua t ion  of t r a n s p o r t  and fragmentat ion p r o p e r t i e s  of the changing pore 
s t r u c t u r e  during g a s i f i c a t i o n .  The q u a l i t a t i v e  behavior of t h e  model i n  both the 
k i n e t i c a l l y  and the d i f f u s i o n a l l y  cont ro l led  regimes c l e a r l y  r e f l e c t  the  s t rong  
inf luence  of StrUCtUKal p r o p e r t i e s  on g a s i f i c a t i o n .  Furthermore, the  good agreement 
between these model p r e d i c t i o n s  and reported experimental  observat ions (11,20,24-33) 
are encouraging f o r  f u r t h e r  use of percola t ion  theory i n  modelling changing coa l  
s t r u c t u r e s .  
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2 
Cm /s 

2 atm. cm /s 

1 .o 0.0018 0.0014 
1 .o 0.0060 0.0069 
1 .o 0.0072 0.0083 
0.1 0.043 0.041 
0.2 0.035 0.032 
0.5 0.018 0.019 
1 .o 0.0099 0.011 
10 .o 0.0012 0.0014 
1 .o 0.012 0.011 
1 .o 0.014 0.013 

Preexponential factor : k - 5.0 x lo3 (m/s) 
Activation energy : Ea - 60.0 (kcal/mol) 
Specific surface area : So - 300.0 (m2/gr) 
Particle radius : roc - 200 (p) 
Carbon density : pp - 1500 (kg/m3) 
Rayleigh distribution 

smallest micropore radius : rwo - 10A 
average micropore radius : rwa - 20A 
smallest mesopore radius : Q~ - 50A 
average mesopore radius : rya - 20OA 

Table 2. Kinetic and structural parameters used in the present simulations. 
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Figure 1. A schematic s imula t ion  of a c c e s s i b l e  
porespace w i t h  a 3-coordinated Bethe net- 
work for arbitrary d a t a  of porosity and 
pore size d i s t r i b u t i o n .  
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QUANTITATIVE ANALYSIS OF COALS AND COAL D E R I V A T I V E S  B Y  
CP/MAS-13C-NMR SPECTROSCOPY 

E. W. Hagaman and R. R. Chambers 

Chemistrv D i v i s i o n  
Oak Ridge Nat jona l  Labor to ry  

P. 0. Box X 
Oak Ridge, Tennessee 37831 USA 

This paper re o r t s  exper iments which are designed t o  a s c e r t a i n  t h e  degree t o  
which the CP/MAS-1$-nmr techn ique can be used i n  a q u a n t i t a t i v e  sense i n  a n a l y s i s  o f  
coal  and c o a l  d e r i v a t i v e s .  The q u a n t i t a t i v e  c a p a b i l i t y  o f  the experiment as app l ied  t o  
diamagnet ic o rgan ic  molecules i s  wel l  documented (1). The u n c e r t a i n t y  i n  t h e  ana lys is  
o f  c o a l s  a r i s e s  from t h e  presence o f  a s u b s t a n t i a l  organic-based f r e e - e l e c t r o n  spin 
d e n s i t y  and from t h e  u n c e r t a i n t y  i n  the  hydrogen d i s t r i b u t i o n  i n  these t y p i c a l l y  low 
H/C m a t e r i a l s .  The p o s s i b i l i t y  e x i s t s  t h a t  a f r a c t i o n  o f  t h e  carbon i n  a coal  
exper iences e l e c t r o n - n u c l e a r  i n t e r a c t i o n s  which render t h e  s i g n a l  i n v i s i b l e ,  broadened 
and/or paramagnet ical ly s h i f t e d .  o r  i s  i n  an environment dep le ted  o f  hydrogen and 
unable t o  y i e l d  a 1H-13C CP s i g n a l .  

experiment se lec ted  t o  address t h i s  ques t ion  e n t a i l s  i n t r o d u c i n g  i n t o  t h e  coa l  a known 
q u a n t i t y  o f  carbon designed t o  y i e l d  u n i t  i n t e n s i t y  response under t h e  a n a l y s i s  con- 
d i t i o n s .  The e x p e r i m e n t a l l y  measured area r a t i o  represent ing  in t roduced carbon/nat ive 
coa l  carbon from t h e  CP/MAS-13C-spectrum i s  then compared w i t h  t h e  same r a t i o  d e t e r -  
mined i n  an unambiguous, independent experiment. 

To what ex ten t  are t h e  carbons i n  coa l  de tec ted  w i t h  u n i t  i n t e n s i t y  response? The 

Chemical M o d i f i c a t i o n o f  ILL.  # 6 - V i t r a i n  

The in t roduced carbon i s  incorpora ted  by m e t h y l a t i o n  o f  t h e  heteroatoms o f  the 
coa l  which undergo based-catalyzed a l k y l a t i o n .  I n  Ill. #6 v i t r a i n  these s i t e s  are pre- 
dominant ly (80-85%) p h e n o l i c  residues. The balance of t h e  in t roduced methyl groups are  
bonded t o  o t h e r  f u n c t i o n a l  groups. There i s  c l e a r  chemical s h i f t  evidence f o r  methyl 
e s t e r  and aminomethyl groups and perhaps a small amount o f  s u l f h y d r y l  o r  s e l e c t  carbon 
methyl  a t i  on. 

measure o f  in t roduced carbon i s  obtained by 14C-radioassay techniques, which, 
together  w i t h  elemental  a n a l y s i s  o f  t h e  coal  d e r i v a t i v e ,  p rov ides  t h e  benchmark r a t i o  
needed t o  eva lua te  t h e  nmr i n t e g r a t i o n s .  

reagents used i n  t h e  d e r i v i t i z a t i o n  contaminate t h e  product.  The e x t e n t  o f  such 
unwanted i n c o r p o r a t i o n  i n  t h e  present exper iments have been measured by u s i n g  
14C-labeled so lvents  and reagents i n  p a r a l l e l  experiments. 

I n i t i a l  methy la t ions  were performed us ing  t e t r a - n - b u t y l  amnonium hydroxide i n  
aqueous THF f o l l o w i n g  l i t e r a t u r e  procedures ( 2 ) .  
(nBU)4wX- s a l t s  from t h e  produc t  using pub l ished methods were unsuccessful  i n  our 
hands. 
t h e  c o a l  i s  a l s o  s o l u b i l i z e d  by t h i s  so lvent .  

dure f o r  a l k y l a t i o n  o f  coal  u s i n g  KOH i n  aqueous THF was developed. 
of  Ill. #6 v i t r a i n  u s i n g  t h i s  system in t roduced 4.6 methyl  groups/100 coal  carbons a f t e r  
5 days reac t ion ,  ca. 10% fewer than obtained w i t h  the  te t ra -E-buty lamon ium 

The m e t h y l a t i o n  i s  performed w i t h  14C.13C-double-labelled methy l iod ide .  The 

Large e r r o r s  i n  t h e  14C and 1% r a t i o  de terminat ions  can occur i f  so lvents  and/or 

Repeated a t t e m p t s . t o  remove 

The reagent can be removed by methanol washing, b u t  a s i g n i f i c a n t  f r a c t i o n  of 

To prepare an 0-CH3 coal  d e r i v a t i v e  f r e e  o f  carbon-containing reagents,  a proce- 
The methy la t ion  
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hydroxide/aqueous THF system. 
requ i red ;  t h e  product, Ill. #6-OCH3, obta ined f o l l o w i n g  a s i n g l e  me thy la t i on  s tep i s  
analyzed i n  Table 1. Another product l i s t e d  i n  Table 1, Ill. #6-XCH3, has been prepared 
by  s t i r r i n g  Ill. #6 v i t r a i n  and methyl i o d i d e  (91.2% 13C-enriched, 3- fo ld  molar  excess 
based on f i v e  a c i d i c  s i t e s / 1 0 0  coal  carbons) i n  THF f o r  f i v e  days. Under these con- 
d i t i o n s  l i t t l e  aromatic methy lether  formed. The i n c o r p o r a t i o n  o f  methyl groups occurs 
predominant ly  on ac id  and amine f u n c t i o n a l  groups. 

THF r e t e n t i o n  i n  t h e  coa l  products  i s  minimal ( ~ 0 . 8  wt%) i n  a l l  a l k y l a t i o n  proce- 
dures. 

For t h e  present  purpose, complete a1 k y l a t i o n  i s  no t  

CP/MAS-l%-NMR Analys is  

The aromatic carbon f r a c t i o n  o f  coals ,  f,, de r i ved  from CP/MAS-13-nmr measurements 
a re  genera l l y  determined f rom aromat ic  and a l i p h a t i c  carbon resonance area measurements 
taken  from a s i n g l e  spectrum recorded under optimum o r  near optimum s igna l - to -no ise  
cond i t i ons  (cross p o l a r i z a t i o n  con tac t  t ime 
t h i s  fashion assume t h a t  t h e  cond i t i ons  f o r  q u a n t i t a t i v e  s igna l  i n t e n s i t y  response i n  
t h i s  experiment, namely 

TCH < < t c p  < <  tip^ 

a re  appl icable.  
Hartmann-Hahn cond i t i on ,  tc 
T l p ~  i s  t he  proton s p i n - l a t t i c e  r e l a x a t i o n  t ime  i n  t h e  r o t a t i n g  frame. 
ana lys i s  of fa requ i res  t h a t  a homogeneous T l p ~  cha rac te r i ze  t h e  e n t i r e  sample. 

genera l l y  d i s p l a y  n e a r l y  homogeneous h u t  d i f f e r e n t  T l p ~  behavior  (3) .  
(arOmatiC)/TlpH ( a l i p h a t i c ) ,  w i t h  t y p i c a l  values o f  0.8-1.2 f o r  111. #6  v i t r a i n  de r i va -  
t i v e s ,  can be a l t e r e d  by chemical mod i f i ca t i on .  

While t h e  i n e q u a l i t y  TCH << tcp = 1 ms i s  v a l i d  f o r  protonated carbon s i t e s  i n  
coals ,  i t  i s  on l y  m a r g i n a l l y  met f o r  t h e  non-protonated aromatic carbon f r a c t i o n  o f  
Ill. # 6 ,  which reveals  an average TCH o f  350 2 100 p s .  
s i g n i f i c a n t l y  f o r  o the r  b i € u i t i s  coals .  

These considerat ions i n d i c a t e  t h a t  i t  i s  wor thwh i l e  t o  eva lua te  CP/MAS-13C-nmr 
d a t a  o f  coals  more c r i t i c a l l y  t o  assess the  e r r o r s  which may be i n t roduced  by  s i n g l e  
spectrum analys is .  

carbon s ignal  i n t e n s i t y  i n  t h e  sp in - l ock ,  CP/MAS-13C-nmr experiment w i t h  non-neg l i g ib le  
T l p ~  r e l a x a t i o n  i s  

1 ms). Reported fa values determined i n  

TCH i s  t h e  1H-13C c ross  p o l a r i z a t i o n  t ime  constant  under t h e  
i s  the experimental cross p o l a r i z a t i o n  con tac t  t ime,  and 

S ing le  spectrum 

It has been shown t h a t  t h e  aromat ic  and a l i p h a t i c  resonance envelopes o f  coa ls  
The r a t i o  T l e ~  

This  va lue should no t  d i f f e r  

The general express ion g iven by  Mehring ( 4 )  which descr ibes t h e  development o f  

where A ( t )  i s  1% s igna l  i n t e n s i t y  a t  t = tCp .  N r e  resen ts  t h e  number o f  a c q u i s i t i o n s  
and K i s  a constant  p r o p o r t i o n a l  t o  t h e  number of  sp ins and spectrometer sen- 
s i t i v i t y .  By r e s t r i c t i n g  t h e  cross p o l a r i z a t i o n  con tac t  t ime  t o  values f o r  which 
tcp >> TCH and e-tcp/TCH << e- tcp lT lpH.  Equation 1 reduces t o  

) 
T1 pH -t 1 TlpH 

A ( t )  = KN ( e  
TI~H-TCH 
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Examination o f  t y p i c a l  T l p ~  and TCH values f o r  t h e  coal  d e r i v a t i v e s  under cons idera t ion  
shows t h a t  t h e  use o f  c ross  p o l a r i z a t i o n  t imes > 2 ms s a t i s f y  t h e  r e s t r i c t i o n s  which 
lead t o  Equat ion 2. 
> 2 ms and t h e  separate a romat ic  and a l i p h a t i c  resonance areas are n o n - l i n e a r  l e a s t -  
squares f it t o  Equat ion 2. K i s  evaluated a t  tcp = 0 as 

To e v a l u a t e  fa t h e  spectrum i s  recorded a t  f i v e  contac t  t imes 

TI~H-TCH 
K = Ao- 

TlpH 

and fa i s  g iven  by K(arom)/[Karom + K ( a l i p h ) ] .  

3) 

The a p p l i c a t i o n  o f  Equat ion 3 r e q u i r e s  est imates of TCH f o r  several  carbon types 
i n  coa ls .  Previous s t u d i e s  o f  coa ls  i n d i c a t e  t h a t  TCH values o f  35, 65 and 350 ps f o r  
protonated carbons (a romat ic  and a l p h a t i c ) ,  methyl carbons (methy le ther )  and non- 
protonated aromat ic carbons, r e s p e c t i v e l y  a re  acceptable est imates f o r  t h e  present 
ana lys is .  The a l i p h a t i c  resonance band i s  considered t o  have a n e g l i g i b l e  f r a c t i o n  of 
non-protonated carbons and 6W of t h e  aromat ic resonance bond i s  considered t o  be non- 
protonated carbon (5). 

Equat ion 3. 
.660 
c a l c u l a t e d  f a  of .707 k .006. The 1 ms data  s t r o n g l y  i n f l u e n c e s  t h e  c a l c u l a t i o n .  
Equat ion 3 i s  no t  an ap r o p r i a t e  expression f o r  a n a l y s i s  of the  1.0 - 8.0 ms data set  

be used t o  t r e a t  t h i s  data. Note t h a t  t h e  c a l c u l a t e d  f a  f o r  t h e  da ta  f o r  which 

Table 1 summarizes t h e  a r o m a t i c i t y  values f o r  Ill. #6 v i t r a i n  c a l c u l a t e d  using 
I n t e n s i t y  d a t a  over t h e  range o f  con tac t  t imes 1.0-8.0 ms y i e l d s  f a  o f  

.003. The same data  se t ,  minus t h e  i n t e n s i t y  da ta  f o r  t h e  1 ms tcp, y i e l d s  a 

s ince  the i n e q u a l i t y  e- t cp/TCH << t / c p / T c ~  i s  no t  met f o r  1 ms data. Equat ion 1 should 

> 2 ms i s  i n  f a i r  agreement w i t h  fa determined from a s i n g l e  spectrum w i t h  
= 1.0 ms. 

Table 1. fa and In t roduced CH3/lOO Coal Carbons f o r  Ill. #6 and 
D e r i v a t i v e s .  , 

fa Introduced CH3/100 Coal Carbons ---- 
Ill. #6 Ill. #6-OCH3 Ill. #6-XCH3 

1.0-8.hS 
tcp range 0.660 k .003 5.84 0.18 

tcp range 0.707 f .006 5.78 0.1 

tcp t ime 0.697 ?: -02 5.12 0.21 

2 . 0 - 8 . h ~  

l . h s  

The number of methyl carbons in t roduced i n t o  t h e  coal  m a t r i x  i s  determined by 
assuming t h a t  f a  o f  Ill. # 6  v i t r a i n  i s  v a l i d  f o r  t h e  o r i g i n a l  coal  carbon of the  pro- 
ducts,  i.e., i n t e r c o n v e r s i o n  o f  sp2 and sp3 carbons does n o t  occur as a consequence of  
t h e  d e r i v i t i z a t i o n .  
p roduc t  a l l o w  p a r t i t i o n i n g  of  t h e  a l i p h a t i c  resonance area i n t o  components represent ing  
n a t i v e  coal carbon and i n t r o d u c e d  carbon. 
t h e  two coal  d e r i v a t i v e s ,  Ill. #6-OCH3 and I l l .  #6-XCH3. 

Hence, fa o f  Ill. #6 v i t r a i n  and t h e  aromat ic resonance area of t h e  

This a n a l y s i s  i s  sumnarized i n  Table 1 for 
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i Note t h a t  the  c a l c u l a t e d  va lue  f o r  the  number o f  methyl  groups in t roduced i n t o  
Ill. #6-OCH3 us ing  t h e  f i t t i n g  procedure (Equat ion 3) i s  independent of  t h e  tCP range 
and fa assigned t o  t h e  o r i g i n a l  coa l ,  as long as t h e  a n a l y s i s  o f  Ill. #6 v i t r a i n  and 
Ill. #6-OCH3 i s  i n t e r n a l l y  cons is ten t .  This i s  s imply a statement t h a t  t o  w i t h i n  t h e  
e r r o r  o f  t h e  f i t  o f  t h e  da ta  t o  a s i n g l e  exponent ia l ,  no d e t e c t a b l e  carbon i n t e n s i t y  
accrues i n  t h e  spectrum between 1.0 and 2.0 ms. The f i t t i n g  procedure s imp ly  c o r r e c t s  
t h e  measured areas f o r  the  d i f f e r e n c e s  i n  T l p ~  between the  coa ls  and f o r  t h e  d i f f e r e n -  
ces Of T l p ~  between t h e  aromat ic and a l i p h a t i c  resonance bands o f  each coa l .  

The c a l c u l a t e d  values f o r  t h e  number o f  methyl  groups in t roduced i n t o  t h e  coal  
us ing  s i n g l e  spectrum a n a l y s i s  w i t h  tcp = 1.0, 2.0 and 3.0 ms, i s  5.72. 5.34 and 5.01, 
r e s p e c t i v e l y ,  and i n d i c a t e  the  magnitude o f  t h e  e r r o r  which i s  in t roduced by t h e  T l p ~  
d i f f e r e n t i a l s  between t h e  coa l  and i t s  d e r i v a t i v e .  C l e a r l y  t h e  va lue  a t  tcp = 1.0 rns 
i s  i n d i s t i n g u i s h a b l e  f rom t h e  values obtained by t h e  f u l l  f i t t i n g  procedure. 
1.0 ms cross p o l a r i z a t i o n  c o n t a c t  t ime i s  a j u d i c i o u s  compromise va lue  c o n s i s t e n t  w i t h  
a n e a r l y  complete cross p o l a r i z a t i o n  s i g n a l  from a l l  carbons i n c l u d i n g  d e t e c t a b l e  non- 
p ro tonated  carbons and minimum e r r o r  in t roduced by d i f f e r e n t i a l  T l p ~  r e l a x a t i o n  
e f f e c t s .  

behavior b u t  have l a r g e r  r e l a t i v e  e r r o r ,  a r e s u l t  o f  t h e  smal l  area changes i n  t h e  pro-  
d u c t  r e l a t i v e  t o  Ill. #6 v i t r a i n .  

Thus a 

The methyl i n c o r p o r a t i o n  values shown i n  Table 1 f o r  Ill. #6-XCH3 show the, same 

Comparison o f  13C-NMR and 14C-Radioassay Ana lys is  

The number o f  methyl  groups found i n  Ill. #6-OCH3 and Ill. #6-XCH3 b y  t h e  
radioassay technique i s  4.64/100 coal  carbons and 0.20/100 coal carbons, r e s p e c t i v e l y .  
The e r r o r  i n  these values i s  l a r g e l y  determined by t h e  e r r o r  i n  e lemental  analyses and 
i s  <2X. The values determined by nmr a n a l y s i s  (1.0 ms CT) a re  5.72 ? 1.1/100 and 
0.21 f 0.04/100 coal  carbons, r e s p e c t i v e l y .  The 20% e r r o r  associated w i t h  t h e  nmr 
values i s  der ived  f o r  t h e  use o f  s i n g l e  spectrum a n a l y s i s  and i s  t h e  wors t  case e r r o r  
c a l c u l a t e d  by a l l o w i n g  f a  o f  Ill. #6 v i t r a i n  and Ill. # 6-OCH3 t o  vary f .02 f rom t h e i r  
measured values. 
t h e  CP/MAS-13C-nmr method does accura te ly  mon i to r  t o t a l  carbon s i g n a l  i n  t h e  examined 
coa ls .  

We conclude t h a t ,  w i t h i n  t h e  est imated e r r o r  o f  t h e  nmr measurement, 
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INTRODUCTION AFlD BA(XGROURD 

During the  decade following the  Arab oil embargo, there  has  been an increase  
i n  both the  v a r i e t y  and v a r i a b i l i t y  of petroleum feeds tocks  f o r  t he  production of 
middle d i s t i l l a t e  f u e l s .  As a r e s u l t ,  t h e  v a r i a b i l i t y  and t h e  chemical cons t i tu -  
t i on  of the  c u r r e n t l y  used middle d i s t i l l a t e  fue l s  a r e  d i f f e r e n t  from those used 
before  1970. Problems have a r i s e n  in t h e  use  of spec i f i ca t ions  developed empiri- 
ca l ly  from experience wi th  f u e l s  of the o lde r  composition. There have even been 
a few ins tances  in which a f u e l  which m e t  s p e c i f i c a t i o n  on de l ive ry  quickly 
became so uns tab le  i n  s t o r a g e  a s  t o  become unusable. Therefore,  new f u e l  spec i f i -  
ca t ions  based more d i r e c t l y  upon the  chemical cons t i t u t ion  of t he  f u e l  a r e  
needed. 
ana lys i s  capable of provid ing  rap id  and de ta i l ed  information on t h e  chemical com- 
pos i t ion  of the  d i s t i l l a t e  fue ls .  

This w i l l  r e q u i r e  t h e  development of new methods f o r  d i s t i l l a t e  f u e l  

A number of methods f o r  the  ana lys i s  of f o s s i l  f u e l s  by mass spectrometry 
have been reported.  Many of them, including the  ASTM s tandard ,  D2425-67 (197R), 
use electron-impact (EI )  ion iza t ion .  This mode of i on iza t ion  causes ex tens ive  
fragmentation and prec ludes  obta in ing  any information on the molecular-weight 
d i s t r i b u t i o n  of t h e  sample. To circumvent t h i s  problem, many inves t iga to r s  have 
used low-energy electron-impact i on iza t ion ,  and o the r  s o f t e r  modes of i on iza t ion ,  
such as f i e l d  i o n i z a t i o n  (1,Z) and f i e l d  desorption (3).  Both f i e l d  desorption, 
and low-energy E 1  d i s p l a y  a wide range ot response f a c t o r s  f o r  d i f f e r e n t  c l a s ses  
of  compounds and f i e l d  ion iza t ion  appears t o  be a method of choice ,  a t  l e a s t  f o r  
d i s t i l l a t e  f u e l s  (4). 

For t h e  pas t  s e v e r a l  years ,  S R I   international.'^ unique F ie ld  Ion iza t ion  Mass 
Spectrometer (FIMS) has  provided d e t a i l e d  q u a n t i t a t i v e  information on t he  compo- 
s i t i o n  of d i e s e l  and je t  f u e l s  derived from o i l - sha le ,  coa l ,  and petroleum. Cow 
p le t e  and q u a n t i t a t i v e  molecular-weight d i s t r i b u t i o n s  on a l l  of t he  types of 
hydrocarbon compounds p resen t  i n  these  f u e l s  previously requi red  a time-consuming 
chromatographic sepa ra t ion  of the  f u e l  i n t o  seve ra l  f r a c t i o n s  followed by FIMS 
ana lys i s  of each of t h e s e  f r a c t i o n s .  
O f  a h igh- reso lu t ion  FIMS f a c i l i t y  capable of providing a rapid and complete 
quan t i t a t ive  a n a l y s i s  of  d i s t i l l a t e  f u e l s  without t he  need f o r  a chromatographic 
separa t ion  step.  

In t h i s  paper we descr ibe  the  development 

R Y  using high r e s o l u t i o n ,  i t  w i l l  be poss ib l e  t o  d i s t i n g u i s h  between molecu- 
lar ions belonging t o  d i f f e r e n t  hydrocarbon c l a s s e s  t h a t  share  the  same nominal 
mass. 
nonane and naphthalene,  a reso lv ing  power of 3,200 i s  s u f f i c i e n t  f o r  a l l  molec- 
u l e s  of molecular weight 300 a m  O K  l e s s .  

To reso lve  p a i r s  of hydrocarbons diFFerlng hy a C-HI2 douhle t ,  e.g., 
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DBSCRIPTION OF KQUIPMENT AND SOFTWARE 

Fie ld  Ionizat ion Mass Spectrometer 

A vintage MS-9 mass spectrometer  ( A E I ,  Ltd.) was completely disassembled, 
c leaned,  and reworked t o  b r ing  i t  i n t o  good operat ing condi t ion.  In t h e  E 1  ion- 
i z a t i o n  mode using t h e  o r i g i n a l  ion source,  a mass r e so lu t ion  of 30,000 was even- 
t u a l l y  obtained. The spectrometer has  been in t e r f aced  wi th  a Kratos DS-55C d a t a  
system. 

In order  t o  i n s t a l l  an S R I  vo lcanc r s ty l e  f i e l d  i o n i z a t i o n  (FI) source on t he  
MS-9, t he  o r i g i n a l  source and mounting f l ange  were removed along with t h e  or igin-  
a l  s o l i d  s a m p l e  probe and r e e n t r a n t  connection f o r  t h e  batch i n l e t  system. 
make room f o r  t he  f i e l d  i o n i z a t i o n  source and some new ion lenses ,  an extension 
o f  t h e  o r i g i n a l  source housing was designed and b u i l t  (5) .  Figure 1 shows a 
s c a l e  drawing of  a cross-sect ion through t h e  modified MS-9 source housing. 

To 

The volcancrstyle  F I  source used in t h i s  work was designed a t  SRI by Aberth 
and Spindt ( 6 ) .  Ions produced by t h e  f i e l d  ion iza t ion  of f u e l  molecules a r e  ac- 
ce l e ra t ed  t o  6 kV and focused i n t o  a small  diameter,  round beam. The ions then 
pass  through a dual  e l e c t r o s t a t i c  quadrupole lens assembly t h a t  provides:  
(1) focusing of t he  ion beam on t o  t h e  entrance s l i t  of t h e  MS-9 mass spectro- 
meter ,  and ( 2 )  a means of transforming t h e  round ion beam i n t o  a more n e a r l y  
ribbon-shaped beam t h a t  b e t t e r  matches the  shape of t h e  entrance s l i t  t o  t h e  mass 
spectrometer.  

The resolut ion of t he  MS-9 equipped with the  FI-source w a s  t e s t e d  wtth a 
mixture of hydrocarbons con ta in ing  both s a t u r a t e s  and naphthalenes in t h e  molecu- 
l a r  weight range 128 t o  156. The instrument  could e a s i l y  resolve t h e  molecular 
ions of these two c l a s s e s  o f  compounds ind ica t ing  a r e so lu t ion  of g r e a t e r  than 
1600. Furthermore, with a mixture  of benzene and pyridine,  it was p o s s i b l e  t o  
resolve besides the  molecular ions of pyridine and benzene containing a s i n g l e  
carbon-13 atom t h e  doublet  due t o  t h e  la t ter  ion and t h e  1% of protonated benzene 
t h a t  is present  i n  t h i s  system. The sepa ra t ion  of t h i s  minor ion from the  molec- 
u l a r  ion of  benzene wi th  one carbon-13 r equ i r e s  a r e so lv ing  power of 18,800; as 
shown i n  t h e  i n s e t  of Figure 1, t h i s  power has  been s l i g h t l y  exceeded. 

Software for Generating z-Tables 

D i s t i l l a t e  f u e l s  a r e  l i k e l y  t o  con ta in  anywhere between 50 and 150 const i tu-  
en t s .  
present  t h e  information on t he  composition of t hese  f u e l s .  
representat ion would be a ma t r ix  in which homologous s e r i e s  oE d i fEe ren t  compound 
c l a s s e s  were so r t ed  i n t o  d i f f e r e n t  columns. Since most of t h e  f u e l  components 
are hydrocarbons, t h e  obvious choice of compound c l a s s i f i c a t i o n  is t h a t  according 
t o  t h e  z-number, where z is defined by expressing t h e  molecular formula of t h e  
hydrocarbon a s  C,,H2n+z- 

d i f f e r e n t  compound c l a s s e s ,  s i n c e  in t h s  s c a l e  the  mass de fec t  of any given 
c l a s s  w i l l  be the  same throughout t h e  mass range (7).  Rather  than w r i t i n g  a new 
computer code t o  generate  a z-table from t h e  raw d a t a ,  an e x i s t i n g  DS-55C program 
was modified. The o r i g i n a l  program w a s  designed t o  c a l c u l a t e  t h e  elemental  c o r  
pos i t i on  corresponding t o  each peak in t he  spectrum. An added advantage of t h i s  
approach is t h a t  t h e  i n t e n s i t i e s  of  1 3 C  s a t e l i t e  peaks can a l s o  be e a s i l y  added 
t o  the  in t ens i ty  of t h e  parent  peak. 

A l i s t  of masses and t h e i r  i n t e n s i t i t e s  would be a very cumbersome way t o  
A more manageable 

A mass sca le  which de f ines  t h e  CH unit as 14.0003 can be used t o  s o r t  t he  
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Once a l l  of  t h e  e n t r i e s  in t h e  t a b l e  have been computed, t h e i r  i n t e n s i t i e s  
The r e su l t i ng  t ab le  a r e  summed, and renormalized t o  a t o t a l  i n t e n s i t y  of 100.0. 

of percentages can  then  be p r tn t ed ,  p lo t t ed  or s t o r e d  f o r  f u t u r e  re ference .  
In add i t ion ,  a second program has  been wr i t t en  t h a t  could r e t r i e v e  the  s to red  
z-tables from d i f f e r e n t  runs, and compute the  average and s tandard  devia t ion  f o r  
each en t ry .  This procedure is use fu l  in evalua t ing  t h e  r ep roduc ib i l i t y  of t he  
ana lys i s  method, and any f u e l  composition-property co r re l a t ions .  

ANALYTICAL PROCEmLmE 

Sample In t roduct ion  

Approximately 1-2 PL of l i qu id  f u e l  toge ther  wi th  0.5-1 PL of a mixture of 
benzene, toluene, and i sooc tane ,  which serve  a s  mass markers, a r e  introduced i n t o  
a high temperature,  g l a s s  ba tch- in le t  system a t tached  t o  the  h igh  reso lu t ion  FTMS 
instrument. To minimize loss of v o l a t i l e  components during sample in t roduct ion ,  
t he  f u e l  and the  s t anda rd  mass-marker mixtures a r e  taken in micro-pipettes 
(Microcaps, Drummond S c i e n t i f i c  Company, Rroomall, PA) and placed i n s i d e  the  s a w  
p le  holder.  I n s i d e  t h e  evacuated g l a s s  ba tch- in le t  system, t h e  f u e l  sample 
vaporizes completely. A por t ion  of t h e  f u e l  sample vapor flows i n t o  t h e  ion 
source of t h e  mass spectrometer.  Because a l l  of t he  f u e l  sample i s  vaporized a t  
the  same time, t he  number of molecules of a s p e c i f i c  type flowing i n t o  t h e  ion 
source i s  d i r e c t l y  p ropor t iona l  t o  the  number of molecules of  t h a t  type  present 
I n  t he  o r i g i n a l  fue l .  

Ion iza t ion  and Data Acquis i t ion  

The f i e l d  i o n i z a t i o n  source in t h e  mass spec t rometer  i o n i z e s  sample m o l e c  
d e s  ln to  molecular i ons .  The molecular ions a r e  separa ted  according t o  t h e i r  
mass by the  spec t rometer ,  which i s  operated a t  a mass r e so lu t ion  of 3000 or 
grea te r ,  s u f f i c i e n t  t o  completely sepa ra t e  t h e  molecular ions of the  d i f f e r e n t  
hydrocarbon types  p re sen t  In the o r i g i n a l  f u e l .  The mass spectrometer is scanned 
at  a speed of 120 seconds per  decade. A scan t i m e  of 110 seconds p lus  a magnet 
s e t t l i n g  time of ten  seconds allows one scan t o  be  completed every two minutes. 
Typica l ly ,  10  t o  15 scans  a r e  co l l ec t ed  although the  amount of sample used i s  
s u f f i c i e n t  t o  allow two t o  th ree  times a s  many scans  i f  so des i red .  

The Kratos DS-55C d a t a  system requ i r e s  the  presence of a l a r g e  number of 
re ference  peaks i n  t h e  h igh- reso lu t ion  mass spectrum. These re ference  peaks a r e  
normally produced by in t roducing  perfluorokerosene (PFK) i n t o  the  e l ec t ron  impact 
ion  source toge the r  w i th  t h e  sample. Because of t h e i r  nega t ive  mass d e f e c t ,  the 
numerous fragmentation peaks of PFK a r e  e a s i l y  reso lved  from most of t he  sample 
peaks and provide good mass ca l ib ra t ion .  
t l e  Cragmentation, and most of t h e  commonly used r e fe rence  compounds tnc luding  
PIX a r e  unsu i t ab le  f o r  use  as i n t e r n a l  mass re fe rences  f o r  our purpose. 
solved t h i s  problem by using added compounds and the  common f u e l  components a s  
re ferences .  
t he  f u e l  sample. I sooc tane  is one of t h e  few compounds which even under f i e l d  
ion iza t ion  undergoes complete fragmentation t o  g ive  t-butyl ions. This is advan- 
tageous since the  molecular ion of i sooc tane  would be in the  mass range of in te r -  
est. A t  t h e  same t i m e ,  i sooc tane  is s u f f i c i e n t l y  high bo i l ing  t o  allow easy 
handling. 
ions of benzene and to luene  serve  a s  t h e  a u t o s t a r t  masses f o r  t he  t imeto-mass 
conversion software.  
peaks a r e  used a s  r e fe rence  masses f o r  t h e  rest of  t h e  mass range. 

However. f i e l d  ion iza t ion  produces l i t -  

We have 

A mixture  of benzene. to luene ,  and i sooc tane  is added toge ther  with 

The fragment t -bu ty l  ion produced from isooctane  and t h e  molecular 

A combination of s a tu ra t ed  hydrocarbon and alkybenzene 
Severa l  sets 
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E 
Of reference  peak masses have been tabula ted  and d i f f e r e n t  ones a r e  used f o r  
d i f f e r e n t  types of fue ls .  

Time cent ro id  da t a  a r e  usua l ly  co l l ec t ed  because they can be convenient ly  
reprocessed in the  event of an incomplete o r  unsa t i s f ac to ry  time-to-mass conver- 
sion. 
pos i t i on  O F  d i s t i l l a t e  f u e l s  from d i f f e r e n t  sources.  Reprocessing of t h e  t i m e -  
c en t ro id  d a t a  wi th  a d i f f e r e n t  s e t  of re ference  peaks is necessary in such cases .  

This can sometimes be a problem because of t he  h ighly  va r i ab le  f u e l  c o r  

Data Processing 

Each of  t h e  scans  of ion peak i n t e n s i t y  is s t o r e d  I n  a computerized high- 
reso lu t ion  mass spectrometer da t a  system, which averages these  ind iv idua l  scans  
and ca l cu la t e s  t he  accu ra t e  masses and the  elemental  composftion (chemical. F ~ K I ~ I I -  
l a s )  of each of t he  peaks in t h e  f i e l d  ion iza t ion  mass spectrum of the  f u e l  sam- 
p le .  This information enables  the  peak i n t e n s i t i e s  t o  be so r t ed  by compound type 
(z -ser ies )  and the number of carbons present  i n  t h e  molecule. The f i n a l  r e s u l t  
of t he  ana lys i s  is  a t a b l e  showing t h e  r e l a t i v e  amounts of t he  var ious  compounds 
present  in t h e  f u e l  mixture organized by z-ser ies  and carbon number. The r e l a -  
t i v e  f i e l d  ion iza t ion  s i g n a l s  of each component of t h e  f u e l  can be converted into 
mole-fraction of t h a t  component present  in the o r i g i n a l  f u e l  sample by us ing  mea- 
sured r e l a t i v e  f i e l d  ion iza t ion  e f f i c i ency  da ta  f o r  known compounds. 

BESDLTS ANLI DISUISSION 

ne terinina t ion of Response Fac tors  - 
Rela t ive  ion iza t ion  e f f i c i e n c i e s  were determined by using a number of t e s t  

mixes containing up t o  30 components. The var ious  t e s t  mixes were designed t o  
study poss ib le  mat r ix  e f f e c t s  and t o  determine t h e  e f f i c i e n c i e s  of i somer ic  com- 
pounds. Ion- 
i z a t i o n  e f f i c i e n c i e s  of t he  var ious  compounds were measured r e l a t i v e  t o  l-phenyl- 
heptane. Response f a c t o r s  were determined f o r  s e v e r a l  homologs wi th in  a compound 
c l a s s .  We observed t h a t  i on iza t ion  e f f i c i e n c i e s  f o r  t h e  var ious  c l a s e s  of c o r  
pounds va r i e s  only s l i g h t l y  over t he  molecular weight range encountered wi th  d i s -  
t i l l a t e  fue l s ;  100 t o  300 am. Branching lowers the  observed i n t e n s i t y  of the  
molecular ion because of some fragmentation, but t h i s  e f f e c t  i s  se r ious  only in 
t h e  case  of molecules conta in ing  qua ternary  carbons. Polycycl ic  a romat ics  have 
the  h ighes t  i on iza t ion  e f f i c i ency  and s t r a i g h t  chain a l i p h a t i c s  t he  l e a s t .  

Thses s tud ie s  a l s o  helped in developing the  a n a l y t i c a l  technique. 

For t he  purposes of ana lyz ing  f u e l  s a m p l e s  we used an average o f  t h e  res- 
ponse f a c t o r s  of t he  var ious  homologs belonging t o  t h a t  c l a s s .  
expected compounds more unsa tura ted  than b iphenyls  in d i e s e l  and j e t  f u e l s  and 
the re fo re  had not  determined the  response f a c t o r s  of phenanthrenes and dihydro- 
phenanthrenes. 
f a c t o r s  f o r  them as naphthalenes.  The response f a c t o r s  used f o r  t h e  va r tous  
c l a s s e s  a r e  given in Table 1. 

We had no t  

However, we d i d  encounter them and have used t h e  same reponse 

Analysis of Some D i s J i l l a t e  Fuel Samples 

We had e a r l i e r  repor ted  on t h e  a n a l y s i s  of a s t a b l e  and uns t ab le  f u e l  sample 
and shown t h a t  t he  uns tab le  f u e l  had a s u b s t a n t i a l l y  g r e a t e r  amount of naphtha- 
l enes  ( 5 ) .  This r e s u l t  is in concer t  wi th  the  f ind ings  of Mayo and Lan (8). 

Several o the r  d i e s e l  f u e l  marine and experimental  j e t  f u e l  samples have been 
analyzed by HR-FIMS. 
are &own in Table 2. The t a b l e  gives t he  mole percent  of the  var ious  cons t i t u -  

Resul t s  of t h e  ana lys i s  of a very s t a b l e  f u e l  (NRL-83-14) 
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e n t s  by t h e i r  carbon number and z-ser ies .  
14.42 monocyclic s a t u r a t e s .  This fue l  
is a l s o  very r i c h  i n  a l k y l  benzenes and t e t r a l i n s .  It is i n t e r e s t i n g  t o  no te  
t h a t  t he  d i s t r i b u t i o n  of t h e  compounds wtthin any a - se r t e s  is f a i r l y  uniform f o r  
a l l  compound c l a s s e s  except  naphthalenes.  The compound a t  m/z 212.0712, ldent i -  
f i e d  as C17H8 (z = -26, M.W. 212.0626) is most l i k e l y  e t h y l  (or  dimethyl-) 
dibenzthiophene (M.W. 212.0660). 
tests, NRL-82-15, is given in Table 3. The f u e l  i s  less s t a b l e  r e l a t i v e  t o  
NRL-83-14 and has  somewhat of a h ighe r  naphthalene conten t .  

The f u e l  con ta ins  27.8% acyc l i c  and 
No b i c y c l i c  or t r i c y c l i c s  were de tec ted .  

Composition of a model f u e l  used f o r  engine 

COriUUSIO~S 

This  work demonst ra tes  t h e  a p p l i c a b i l i t y  of h igh- reso lu t ion  FIMS as a p a r e r  
f u l  technique f o r  r ap id  chemical cha rac t e r i za t ion  of middle d i s t i l l a t e  f u e l s .  
We have f ixed  most of  t h e  problems wi th  t h e  spectrometer,  and the  instrument is 
now opera t ing  on a r o u t i n e  bas i s .  
appears t o  be the  hea ted  ba tch  i n l e t  system. Pre l iminary  r e s u l t s  have shown tha t  
t h i s  technique provides  acuura te  and reproducib le  da ta .  
a r e  too scan t  t o  make de f f .n i t i ve  f u e l  composition-property co r re l a t ions ;  such 
s t u d i e s  a r e  c u r r e n t l y  underway. 

The only weak point in t he  e n t i r e  system 

Data analyzed thus  f a r  
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I 

Table 1 

RELATIVE FIELD IONIZATION EFFICIENCIES OF VARIOUS HYDROCARBONS 

Compound Class z Relat ive  Response* 

Alkanes 
Monocyclic alkanes 
B icyc l i c  alkanes 
Tr i cyc  l ica lkanes  
Benzenes 
Te t r a l  ins  
Octahydrophenanthrenes 
Naphthalenes 
Biphenyls or  Tetrahydro- 

Dihydrophenanthrenes 
Phenanthrenes o r  

Anthracenes 

phenanthrenes . 

*Relative t o  1-phenylheptane. 
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NUMERICAL EXTRACTION OF CHEMICAL COMPONENT PATTERNS FROM PYROLYSIS MASS 
SPECTRA OF U.S. LIGNITES 

Henk L.C. Meuzelaar, Wil lem Windig and G. Steven Metca l f  

B iomate r ia l s  P r o f i l i n g  Center, U n i v e r s i t y  o f  Utah 
391 South Chipeta Way, S u i t e  F 

S a l t  Lake C i t y ,  Utah 84108 

INTRODUCTION 

S t r u c t u r a l  c h a r a c t e r i z a t i o n  o f  l i g n i t e s  presents  a major  chal lenge because o f  the 
extreme complex i ty  and heterogenei ty  o f  these low rank coals .  Whereas most peats 
s t i l l  con ta in  macroscopica l ly  and m ic roscop ica l l y  i d e n t i f i a b l e  p l a n t  remains, 
morphological ana lys i s  o f  l i g n i t e s  i s  much l e s s  s t ra igh t fo rward .  Moreover, r o u t i n e  
coal cha rac te r i za t i on  t e s t s  such as Free Swe l l i ng  Index o r  V i t r i n i t e  Reflectance, 
a re  l ess  r e a d i l y  a p p l i c a b l e  t o  l i g n i t e s  whereas soph is t i ca ted  spectroscopic techni -  
ques such as I R ,  NMR o r  MS tend t o  g i v e  h i g h l y  complex spect ra due t o  the  presence 
of m u l t i p l e ,  over lapping chemical components. Although combined a n a l y t i c a l  methods 
such as MS/MS, GC/MS o r  GC/FTIR are capable o f  r e s o l v i n g  and i d e n t i f y i n g  many o f  
these over lapping components, such "hyphenated" techniques tend t o  be c o s t l y  and 
r e q u i r e  time-consuming data eva lua t i on  and i n t e r p r e t a t i o n  steps thus making i t  
imprac t i ca l  t o  apply  these methods t o  l a r g e  sample se r ies .  

A novel approach capable of r e s o l v i n g  over lapping s igna ls  i n  spect ra o f  complex 
mixtures i nvo l ves  numer ica l  e x t r a c t i o n  o f  component pa t te rns  by means of f ac to r  and 
d i sc r im inan t  ana lys i s  (1). Thus f a r ,  t h i s  numerical e x t r a c t i o n  approach has been 
appl ied e s p e c i a l l y  t o  p y r o l y s i s  mass spectrometry (Py-MS) pat terns o f  coals  and 
o the r  f o s s i l  f ue l s ,  because o f  the r e l a t i v e  ease o f  numerical conversion o f  mass 
spectra (compared t o  t h e  continuous curves obta ined by I R ,  NMR o r  chromatographic 
techniques). 

The main advantages o f  combining s i n g l e  stage a n a l y t i c a l  techniques w i t h  numerical 
e x t r a c t i o n  methods r a t h e r  than  us ing "hyphenated" physicochemical techniques are: 
h igh  speed and r e l a t i v e l y  low cost .  Moreover, numerical e x t r a c t i o n  methods are 
espec ia l l y  powerful when r e l a t i v e l y  l a r g e  se r ies  o f  samples need t o  be s tud ied.  
Meuzelaar et aZ. (2) demonstrated the a p p l i c a b i l i t y  o f  t he  combined Py-MSlnumerical 
e x t r a c t i o n  approach t o  a s e r i e s  o f  over 100 coa l  samples from the Rocky Mountain 
Coal Province obta ined f rom the  Penn S ta te  Coal Sample Bank. Other, smal ler  Py-MS 
studies of coals  have been publ ished by Van Graas et aZ. ( 3 ) ,  De Leeuw et aZ. ( 4 )  
and L a r t e r  (5) .  As l i s t e d  i n  Table I ,  t he  Py-MS study repor ted here i nvo l ves  a 
se lec t i on  of  samples rep resen t ing  both U.S. coal  prov inces w i t h  major l i g n i t e  
reserves, namely the  Nor thern P la ins  Province ( 6  samples) and the  Gu l f  Province 
(16 samples). 

EXPERIMENTAL 

L i g n i t e  samples were obta ined from the Penn S ta te  Coal sample bank i n  he rmet i ca l l y  
sealed meta l  cans c o n t a i n i n g  500 g, 20 mesh a l i q u o t s  under Argon. A l l  f u r t h e r  
g r i nd ing  and s p l i t t i n g  opera t i ons  were performed under N2, f i n a l l y  r e s u l t i n g  i n  10 
mg, 300 mesh a l i q u o t s  which were subsequently suspended i n  2 1 /2  m l  of Spectrograde 
methanol. Two 5 p1 drops o f  these suspensions were app l i ed  t o  ferromagnetic wi res 
(Cur ie-point  temperature 610OC) and a i r - d r i e d  a t  room temperature under continuous 
r o t a t i o n ,  r e s u l t i n g  i n  a sample s i z e  o f  approx. 40 ug. 
preparat ion,  a l l  coated w i res  were analyzed by Cur ie -po in t  p y r o l y s i s  mass spectrom- 
e t r y  us ing an Ex t ranuc lea r  5000-1 quadrupole MS system described elsewhere (6 ) .  
PY-MS cond i t i ons  were as f o l l o w s :  
t o t a l  heat ing t ime  10 s, e l e c t r o n  energy s e t t i n g  11 eV, mass range scanned m/z 20- 

Wi th in  one hour a f t e r  

temp. r i s e  t ime 5 s, e q u i l i b r i u m  temp. 610"C, 
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260, scanning r a t e  2000 amu/s, t o t a l  scanning t ime 20 s. 
analyzed i n  t r i p l i c a t e  and the  r e s u l t i n g  66 spect ra were normalized us ing the  NORMA 
program (7) .  
gram package (8) and consis ted o f  f a c t o r  ana lys i s  fo l lowed by d i sc r im inan t  ana lys i s  
us ing the  11 most s i g n i f i c a n t  f a c t o r s  (eigenvalue > l ) ,  according t o  a procedure 
descr ibed p rev ious l y  by Windig et a t .  (9) .  I t  should be noted t h a t  each s e t  of 
three d u p l i c a t e  ana lys i s  was assigned a separate category number i n  the  d i sc r im in -  
ant ana lys i s  procedure, thus avoid ing the  c r e a t i o n  o f  a r t i f i c i a l  c l u s t e r s  and 
d i v i s i o n s  i n  the  data se t .  
t i o n s  were analyzed w i t h  the a i d  o f  the var iance diagram ( V A R D I A )  procedure 
developed by Windig et aZ. (10) .  
i n d i v i d u a l  component a x i s  which were then evaluated f u r t h e r  by means o f  d i sc r im in -  
ant  l oad ing  and spectrum p l o t  procedures, as descr ibed by Windig et aZ. (9). 

Each l i g n i t e  sample was 

Subsequent m u l t i v a r i a t e  ana lys i s  was c a r r i e d  out w i t h  the  SPSS pro- 

F i n a l l y ,  the f i v e  most s i g n i f i c a n t  d i s c r i m i n a n t  func- 

Th is  r e s u l t e d  i n  the l o c a l i z a t i o n  o f  a t  l e a s t  s i x  

RESULTS AND OISCUSSSION 

The p y r o l y s i s  mass spect ra of t h ree  o f  the twenty two l i g n i t e  samples a re  shown i n  
F igure 1, demonstrat ing marked d i f f e rences  i n  the  bu lk  composit ion o f  the p y r o l y -  
zates, e.g., w i t h  regard t o  hydroxyaromatic compound se r ies ,  a l i p h a t i c  hydrocarbon 
se r ies  and s u l f u r  s igna ls .  
peaks a t  m/z 234 ( re tene)  and m/z 194 (unknown biomarker) which were found t o  be 
q u i t e  c h a r a c t e r i s t i c  f o r  l i g n i t e  samples from the  Northern P la ins  and Gu l f  prov inces 
respec t i ve l y .  

Before desc r ib ing  a more d e t a i l e d  chemical i n t e r p r e t a t i o n  o f  t h e  Py-MS f i n d i n g s ,  i t  
should be pointed o u t  t h a t  chemical l a b e l s  assigned t o  peak se r ies  o r  i n d i v i d u a l  
peaks i n  F igu re  1 (as w e l l  as throughout t h i s  paper) a re  t e n t a t i v e  on ly .  Genera l ly  
these i n t e r p r e t a t i o n s  a re  based on l i t e r a t u r e  data a l though some o f  t he  chemical 
i d e n t i t i e s  are backed up by Py-GC/MS s tud ies  on the  same l i g n i t e s  (11). Another 
f a c t o r  t o  consider  when i n t e r p r e t i n g  Py-MS data on coals  i s  t he  incomplete p y r o l y -  
t i c  conversion. 
t a r  y i e l d s  f o r  h igh  v o l a t i l e  bituminous coa ls  a re  i n  the  50-60% range (12) whereas 
l i g n i t e  conversion y i e l d s  are b a s i c a l l y  unknown b u t  may w e l l  f a l l  i n  t h e  same 
range. 
e t r i c  procedures. 
o r i g i n a l  l i g n i t e  sample con t r i bu tes  d i r e c t l y  t o  the mass spectrum. 

I n  view o f  the l a r g e  number o f  spect ra obta ined and the  hundreds o f  mass peaks i n  
each spectrum, the use o f  soph is t i ca ted  data reduc t i on  and c o r r e l a t i o n  methods i s  
indispensable. 
d i sc r im inan t  ana lys i s  was app l i ed  t o  the Py-MS data s e t .  
" s i g n i f i c a n t "  d i sc r im inan t  f unc t i ons  (see Table 11). The scores o f  t he  f i r s t  two 
funct ions are p l o t t e d  i n  F igure 2, revea l i ng  a r e l a t i v e l y  good separat ion between 
l i g n i t e s  from the two d i f f e r e n t  coal provinces (on D I )  as we l l  as a d e f i n i t e  
separat ion between l i g n i t e s  from d i f f e r e n t  seams, f i e l d s  o r  reg ions  (on D I I ) .  

The nature o f  the under l y ing  chemical components responsib le  f o r  t he  c l u s t e r i n g  
behavior i n  F igu re  2 was examined by means o f  a novel, i n t e r a c t i v e  method known as 
the Variance Diagram (VARDIA) technique ( l o ) ,  which enables us t o  determine the  
optimal l o c a t i o n  o f  each major chemical component i n  d i sc r im inan t  space. 
VARDIA method has proven t o  be capable o f  e x t r a c t i n g  numerical components from 
mass spect ra o f  complex mixtures,  i n c l u d i n g  f o s s i l  f u e l  py ro l yza tes  (10). 

Two VARDIA p l o t s ,  represent ing d i sc r im inan t  f unc t i ons  I and I 1  as w e l l  as 111 and 
I V  respec t i ve l y ,  a re  shown i n  F igure 3, revea l i ng  the presence o f  a t  l e a s t  s i x  
major component axes ( l abe led  A-F) i n  t he  space spanned by these f o u r  func t i ons .  
The mass spec t ra l  pa t te rns  associated w i t h  these component axes are shown i n  
F igures 4 and 5. 

Moreover, arrows i n  F igure 1 p o i n t  t o  minor "biomarker" 

Under the  experimental cond i t i ons  employed i n  our s tudy,  est imated 

Moreover, n o t  a l l  t he  t a r  products w i l l  be detected by our  mass spectrom- 
U l t i m a t e l y ,  perhaps on ly  20-302 o f  the (d ry )  bu lk  o f  the 

As descr ibed under "Experimental",  f a c t o r  ana lys i s  fol lowed by 
This  r e s u l t e d  i n  seven 

The 

Component axes A and B (F igure 4a, b )  obv ious l y  represent  
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the two bulk components seen in the l i gn i t e  spectra,  namely hydroxyaromatic com- 
pounds and a l ipha t ic  hydrocarbon moieties. 

The nature and  origin of the hydroxyaromatic compound ser ies  becomes c lear  when 
comparing the spectral pattern of component axis A (Figure 4a) w i t h  tha t  of a 
softwood lignin model compound (Figure 4c).  
ences ex i s t  between the two spectral  patterns,  the qua l i ta t ive  s imi la r i t i es  
strongly suggest a d i r e c t  chemical relationship. 

has  also been reported in several other studies (4,6,13). 

The chemical nature and origin of the a l ipha t ic  hydrocarbon pattern in Figure 4b 
presents a more d i f f i c u l t  problem. Nevertheless, a n  intriguing qua l i ta t ive  match 
was obtained with the Py-MS pattern of Apiezon L, a high MW petroleum d i s t i l l a t e  
consisting of 67% a l ipha t ic ,  28% naphthenic and  5% aromatic hydrocarbons ( 1 4 ) .  
Since the petrographic analysis data available from the Penn State Coal data bank 
did n o t  reveal major contributions of l i p t i n i t e  macerals (see Table I ) ,  i t  may be 
assumed tha t  the hydrocarbon moieties observed by Py-MS represent maceral types 
easily overlooked by routine petrographic analysis,  e.g. ,  from exsudatinite or 
bituminite (15). 
carbons derived from algal precursors although major contributions from bacterial 
l ip ids  (16) cannot be ruled out either.  

The spectral patterns of the component axes shown in Figure 5a-c are interpreted to 
represent terpenoid resins (Figure 4a; e.g. retene signal a t  m/z 234), unknown 
biomarker compounds (Figure 5b; e.g., signals a t  m/z 194, 179 and 168) and sulfur 
moieties as well as  related marine-influenced peak se r i e s  (Figure 5c),  respectively. 

Comparison of the VARDIA plots i n  Figure 3 with the discriminant score plot in 
Figure 2 shows tha t  component axis F (representing reduced sulfur forms such as H2S 
and CH3SH) correlates most strongly with the Wildcat seam l ign i tes  from S o u t h -  
Central Texas w h i c h  a r e  known t o  have been deposited in marine-influenced, lagoonal 
environments (17). 
forms such as SO2 and CSz) a l so  correlates with the Fort Union Bed l ign i tes  of 
Montana, which lack a n  obvious marine depositional influence. 
the oxidized su l fur  forms may well represent the re la t ive ly  h i g h  i ne r t in i t e  content 
since similar correlations were noted in previous Py-MS studies of purified coal 
macerals (18). 

That the two biomarker signals a t  m/z 234 and m/z 194 a re  very charac te r i s t ic ,  
indeed, for  the two coal provinces (as a l so  indicated by a comparison of Figures 2 
and 3) i s  confirmed by the bivariate plot  in Figure 6. 
precursors (conifer r e s ins? )  of the Northern Plains province were n o t  present in 
the ancient depositional environment of the Gulf province; and vice versa. 

Finally, i t  should be mentioned t h a t  the above discussed interpretations of the 
Py-MS data were further supported by a systematic correlation with conventional 
coal characterization data (e.g. ,  petrographic analysis,  ultimate analysis,  proxi- 
mate analysis, ca lo r i f i c  value and and v i t r i n i t e  reflectance) obtained from the 
Penn State Coal Data Bank. The results of these data correlation e f fo r t s ,  e.g., 
using canonical variate analysis techniques (19), will be reported elsewhere (20). 

In conclusion, the  data analysis resu l t s  presented here confirm the f eas ib i l i t y  of 
numerical extraction of chemical components from the low voltage mass spectra o f  
extremely complex l i g n i t e  pyrolyzates. 

Although obvious quantitative d i f fe r -  

That l ignin-like p a t  erns can be 
preserved i n  pyrolysis mass spectra of foss i l  organic matter 107 to  10 Q years old 

An in te res t ing  speculation i s  t h a t  we may be dealing with hydro- 

However, component axis E (representing more oxidized sulfur 

In these l i gn i t e s ,  

Apparently, the biomarker 
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PSOC 
Code 

833 
838 

1084 
1087 
1090 
975 
791 
792 
414 
415 
623 
625 

1037 
1038 
427 
428 
786 
788 
421 
422 
424 
637 

2 

20. 

- 
No 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
1 8  
19 
20 
21 
22 
738 

1 - 

- 

Maceral Conc. ( %  
Seam Name (S ta te )  V i t .  I n e r t .  E x i n  

F o r t  Union Bed (MT) 74.1 23.2 1.4 
F o r t  Union Bed (MT) 81.7 16.9 1.4 
Sawyer (MT) 88.9 10.8 0.3 
Sawyer (MT) 82.5 16.3 1.2 
Sawyer (MT) 89.1 10.2 0.7 
Anderson ( W Y )  79.6 8.0 12.3 
A -P i t  (TX) 90.7 8.4 0.9 
A-Pi t  (TX) 94.7 4.5 0.8 
Darco (TX) 80.6 17.5 1.9 
Oarco (TX) 
Darco (TX) 
Darco ( T X )  
Unnamed (TX) 
Unnamed (TX) 88.1 10.8 1.1 
Unnamed (TX) 90.6 8.1 1.3 
Unnamed (TX) 94.5 3.7 1.8 
Unnamed (TX) 87.0 12.0 1.0 
Unnamed (TX) 91.6 7.9 0.5 
Wi ldca t  (TX) 87.7 10.9 1.4 
Wi ldca t  (TX) 88.7 10.1 1.2 
Wi ldca t  (TX) 90.7 6.1 3.2 
Wi ldca t  (TX) 83.8 14.6 1.6 

3 5 6 

Metcal f ,  G.S., Windig, W., H i l l ,  G.R., Meuzelaar, H.L.C., t o  be publ ished.  

TABLE I 
CONVENTIONAL LIGNITE CHARACTER1 ZAT I ON DATA 

83.4 14.1 2.5 
81.0 17.2 1.8 
83.3 15.2 1.5 
86.5 13.1 0.4 

U l t i m a t e  Anal. (X) 

c , !  2 1: 

70.0 4.60 1.29 23.7 
71.3 4.74 1.08 22.3 
71.5 4.84 1.01 22.2 
71.0 4.75 1.00 23.0 
71.9 4.66 0.99 22.1 
73.0 5.18 0.99 20.3 
72.3 5.39 1.20 20.2 
72.7 5.61 
73.0 5.31 
73.6 5.66 
74.8 5.26 
74.1 4.89 
73.1 5.31 
73.6 5.02 
72.9 5.37 
73.3 6.02 

.18 19.6 

.37 19.3 

.45 18.4 

.32 17.6 

.30 18.1 
-62 18.9 
.65 18.5 
.24 19.2 
.28 18.0 

73.4 5.12 1.34 18.9 
73.5 5.46 1.20 18.7 
71.6 5.83 1.34 19.4 
75.5 5.86 1.39 15.6 
73.7 6.05 1.22 17.6 
74.8 5.28 1.32 16.6 

l l - d a f  

TABLE I1 
DISCRIMINANT ANALYSIS RESULTS 

I 
I 1  
111 

O i  sc r im i  nant  Re1 a t i  ve Canonical* 
Funct ion Eigenvalue Percentage C o r r e l a t i o n  

341 .O 61.3 .999 
124.0 22.3 .996 

23.6 4.3 .979 
38.2 6.9 .9a7 

I V  
V i6.i 2.9 .970 
V I  8.8 1.6 .948 
VI1 2.5 0.5 .845 

% S  
( tg ) - 
0.64 
1.34 
0.60 
0.23 
0.35 
0.48 
0.99 
0.97 
1.14 
0.89 
1.35 
2.38 
1 .16 
1.39 
1.61 
1.79 
1.44 
1.15 
2.63 
2.03 
2.08 
2.75 

i 

* w i t h  11' o r i g i n a l  f a c t o r s  
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a) PSOC 1087-SAWYER SEAM 

t meihorvpharos 

b) P S K  415-DARCO SEAM 
(east Texas) 

mR 

Figure 1. 
senting the Northern Plains province ( a )  and the G u l f  province (b and c).  
the re la t ive ly  high abundance of hydroxyaromatic se r ies  in ( a )  compared t o  the 
more prominent a l ipha t ic  hydrocarbon ser ies  in ( b )  and (d) .  Further note the 
marked su l fur  compounds in ( c )  and  the small biomarker signals (arrows a t  m/z 234 
and 194 in ( a )  and ( b ) ,  respectively. 

Low voltage pyrolysis mass spectra of three selected l i gn i t e s  repre- 
Note 

k 
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a) COMPONENT AXIS A 
110 124 (softwood lignin pattern) 

IO - 

5 -  138 

;? 164 
.. .. 94.-1pa 

64* 
30 

0 7  41'1 ' I '  1 ' I . '  ' a  ' ' "1 >I- ~ ' " ' . ~  . '  I "  I ' ' ' 

b) COMPONENT AXIS 8 
(aliphatic hydrocarbon pattern) 

t 
W 
1 c) SPRUCE LIGNIN 

(model compound) 

d) APIEZON L 
(model compound) 

Figure 4. Comparison o f  the numerically extracted discriminant "spectra o f  com- 
ponents A (a) and B (b) with the pyrolysis mass spectra o f  two model 
compounds (c and d). Mass peak intensities not optimally represented 
on the component axes are indicated by asterisks. Arrows point to an 
aliphatic carboxylic acid serl'es in (b). 
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a) COMPONENT A X 6  C 
(terpenoid resin pattern) 
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b) COMPONENT AXIS D 
(unknown biomrker pattern) 
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C) COMPONENT AXIS E (tF9 
(marine influence pattern) 
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Loading ( c o r r e l a t i o n  c o e f f i c i e n t )  p l o t s  represent ing components C-F i n  
F igure 3. 
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Figure 5. 
F o r  explanat ion,  see t e x t .  
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F igure 6. 
marker peak i n t e n s i t i e s  a t  m/z 
234 ( re tene)  and m/z 194 (unknown 

/' biomarker) showing the  p e r f e c t  
d i s c r i m i n a t i o n  between the  two 
U.S. coa l  provinces. For sample 
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H I G H  RESOLUTION MASS SPECTROMETRIC ANALYSIS OF COAL LIQUIDS 

S e l e c t i o n  o f  the best a n a l y t i c a l  s t r a t e g y  f o r  the  a n a l y s i s  o f  coal  l i q u i d s  depends on 
t h e  na ture  o f  the in fo rmat ion  needed, the a v a i l a b i l i t y  o f  a n a l y t i c a l  t o o l s ,  fund ing  
f o r  a p a r t i c u l a r  p r o j e c t ,  and time. In fo rmat ion  conten t  and t ime/cost r e s t r a i n t s  are 
most of ten balanced w i t h  a compromise. A t y p i c a l  a n a l y t i c a l  scheme t h a t  i s  o f t e n  

Thomas Aczel, Steve G. Colgrove, and Stephen D. Reynolds 

Exxon Research and Engineer ing Company 
Baytown Research and Development D i v i s i o n  

P. 0. Box 4255 
Baytown, TX 77522-4255 

I used i n  our l a b o r a t o r i e s  i s  shown on F igure  1. This scheme provides t h e  user w i t h  a 

I 
k 

4 209 

INTRODUCTION 

Development o f  new i n d u s t r i a l  techno log ies  requ i res  meaningful cooperat ion among many 
s c i e n t i f i c  d i s c i p l i n e s ,  i n c l u d i n g  several  branches o f  chemistry,  physics,  
engineer ing,  economics, and others.  Th is  i s  p a r t i c u l a r l y  t r u e  f o r  coal  l i q u e f a c t i o n  
technology, t h a t  invo lves  complex operat ions,  deals w i t h  r a t h e r  r e f r a c t o r y  mater ia ls ,  
and represents a p o t e n t i a l l y  l a r g e  impact on o v e r a l l  consumption pa t te rns .  

A n a l y t i c a l  chemistry i s  a key p l a y e r  i n  t h i s  team e f f o r t .  It seeks and obtains,  t o  
an ex ten t  commensurate w i t h  e f f o r t  and circumstances, i n f o r m a t i o n  on t h e  composi t ion 
of feed, product and in te rmed ia te  streams. This i n f o r m a t i o n  i s  u t i l i z e d  f o r  
fundamental understanding o f  the  reac t ions  invo lved i n  coal l i q u e f a c t i o n  and the  
upgrading o f  coal  l i q u i d s ,  f o r  mon i to r ing  day-to-day p i l o t  p l a n t  opera t ions ,  f o r  
e v a l u a t i n g  end-products q u a l i t y  and f o r  assessing process and product impact on the  
envi  ronment. 

Th is  paper reviews some o f  the  a n a l y t i c a l  approaches ~e use i n  our l a b o r a t o r i e s  f o r  
the  in-depth c h a r a c t e r i z a t i o n  o f  coal  l i q u i d s .  Emphasis w i l l  be placed on methods 
de termin ing  organic composition. Issues discussed w i l l  i nc lude the o v e r a l l  na ture  o f  
coa l  l i q u i d s ,  a n a l y t i c a l  s t r a t e g y  and methodology, the  scope o f  the  analyses, t h e  
r o l e  o f  separation, mass spectrometr ic and o t h e r  techniques, and on t h e  c a l c u l a t i o n  
and/or p r e d i c t i o n  o f  use fu l  phys ica l  parameters from composi t ional  data. 



very la rge  body o f  in fo rmat ion  t h a t  i s  g e n e r a l l y  s u f f i c i e n t  f o r  most s tud ies  
i n v o l v i n g  r e a c t i o n  k i n e t i c s ,  process behavior, end-product q u a l i t y .  The main r o l e s  
of  the var ious  steps are summarized i n  the  f o l l o w i n g  paragraphs. 

Separat ion i n t o  sa tura tes ,  aromat ics and p o l a r s  y i e l d s  valuable i n f o r m a t i o n  on the  
o v e r a l l  amounts o f  these classes o f  compounds. It a l s o  f a c i l i t a t e s  the  subsequent 
analysis.  For example, sa tura tes  are d i f f i c u l t  t o  c h a r a c t e r i z e  i n  d e t a i l  i n  the  
presence o f  aromatics; and separat ion o f  aromat ics and p o l a r s  reduces the mass 
spec t romet r ic  r e s o l v i n g  power requirements f o r  t h e  a n a l y s i s  o f  most n i t r o g e n  and 
oxygen compounds. Separat ion a l s o  e l i m i n a t e s  s t r u c t u r a l  u n c e r t a i n t i e s  between 
f u r a n i c  and phenol ic oxygen types t h a t  even h igh  r e s o l u t i o n  MS can not cope w i t h  i n  
complex mixtures.  Furans are concentrated i n  t h e  aromat ic f r a c t i o n ,  pheno l ics  i n  the  
p o l a r  f r a c t i o n ;  separa t ion  thus al lows a r e l i a b l e  s t r u c t u r a l  assignment. 

Low reso lu t ion ,  h igh  vo l tage compound type a n a l y s i s  o f  t h e  sa tura tes  determines t o t a l  
p a r a f f i n s  and one t o  s i x  r i n g  naphthenes. GC d i s t i l l a t i o n  and subsequent ana lys is  o f  
trapped c u t s  y i e l d s  t h i s  type o f  i n f o r m a t i o n  a s  a f u n c t i o n  o f  b o i l i n g  range. 

The main f e a t u r e  o f  t h e  o v e r a l l  a n a l y s i s  i s  the  h igh  r e s o l u t i o n ,  low vo l tage 
c h a r a c t e r i z a t i o n  o f  the  aromatic, p o l a r  aromat ic,  and asphaltene f r a c t i o n s .  As w i l l  
be shown i n  the remainder o f  t h i s  p resenta t ion ,  t h i s  approach y i e l d s  d e t a i l e d  
in fo rmat ion  o f  several  thousands o f  i n d i v i d u a l  components and provides the  user w i t h  
a number o f  phys ica l  parameters t h a t  are r e l a t e d  t o  composition. 

Time and funding c o n s t r a i n t s  might r e s t r i c t  the  scope o f  the  a n a l y t i c a l  scheme. I f  
t h e  separat ion s tep  i s  not c a r r i e d  out,  t o t a l  sa tura tes ,  aromatics and p o l a r s  can be 
determined w i t h  reasonable accuracy from h i g h  vol tage, low r e s o l u t i o n  MS data (Table 
1 1 ) ,  whi le  t h e  aromatic and p o l a r  components can be measured accura te ly  from the h igh  
reso lu t ion ,  low vo l tage a n a l y s i s  o f  t h e  t o t a l  stream. The decrease i n  in fo rmat ion  
content w i l l  a f f e c t  o n l y  t h e  s a t u r a t e  type  d i s t r i b u t i o n ,  the  r e l a t i o n s h i p  between 
sa tura te  composition and b o i l i n g  range, and the  s p e c i f i c  i d e n t i f i c a t i o n  o f  some o f  
the  oxygenated types. This reduced approach i s  the  o n l y  one f e a s i b l e  f o r  m a t e r i a l s  
i n  the gaso l ine  range; separa t ion  o f  these streams would i n v o l v e  unacceptable losses 
o f  v o l a t i l e s .  

A f u r t h e r  s i m p l i f i c a t i o n  c o n s i s t s  o f  the s u b s t i t u t i o n  o f  a low r e s o l u t i o n ,  low 
vo l tage a n a l y s i s  t o  t h e  h i g h  r e s o l u t i o n  procedure. This approach i s  genera l l y  
app l i cab le  t o  o n l y  r a t h e r  severely hydrogenated coal  l i q u i d s ,  as i t  determines only a 
few heteroatomic components, such as phenols. Separat ion o f  more and less  condensed 
aromatics, t h a t  u s u a l l y  r e q u i r e s  a r e s o l v i n g  power o f  a t  leas t  1000 per 100 MW un i ts ,  
i S  accomplished through computerized deconvo lu t ion  o f  the  i n t e r f e r i n g  homologous 
ser ies ,  for example a l k y l t e t r a l i n s  and alkylpyrenes. The deconvolut ion c a l c u l a t i o n s  
are  based on a l a r g e  number o f  h i g h  r e s o l u t i o n  analyses. The low r e s o l u t i o n  
approach, us ing  h igh  v o l t a g e  f o r  de termin ing  sa tu ra tes /a romat i cs /po la rs  and low 
vol tage for the  de terminat ion  o f  aromat ic types and carbon number homologs, y i e l d s  
f a s t  and h i g h l y  r e p r o d u c i b l e  analyses. The method was used e x t e n s i v e l y  i n  mon i to r ing  
t h e  l a r g e  coa l  l i q u e f a c t i o n  p i l o t  p l a n t  a t  Baytown, Texas, w i t h  an average of two 
analyses every f o u r  t o  s i x  hours each day, and w i t h  a response t ime o f  about one hour 

Special nature o f  some samples and research p r o j e c t s  r e q u i r e s  o c c a s i o n a l l y  a more 
ex tens ive  a n a l y t i c a l  t rea tment  than t h a t  o u t l i n e d  i n  F igure  1. These inc lude 
separat ion of t h e  aromat ics i n t o  one, two, th ree ,  and four r i n g  concentrates;  
separat ion of the  p o l a r s  i n t o  weak and s t r o n g  acids,  weak an s t rong bases, and 
n e u t r a l  po la rs ;  and a n a l y s i s  o f  a l l  the  f r a c t i o n s  by GC/MS, p3C NMR, and proton 
NMR. The more s p e c i f i c  separat ions f a c i l i t a t e  i n t e r p r e t a t i o n  and y i e l d  in fo rmat ion  
on components i n  the p a r t s  per b i l l i o n  range (Table 111); GC/kS y i e l d s  important 
informat ion on i n d i v i d u a l  isomers; NMR cor robora tes  and extends t h e  s t r u c t u r e  
assignments made by MS. 

(1980-1982). 
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High Resolut ion, Low Voltage MS Analys is  

This  method i s  the cornerstone o f  our  procedures. It has the unique a b i l i t y  t o  g i ve  
both d e t a i l e d  q u a n t i t a t i v e  data on a very l a r g e  number o f  components and t o  summarize 
and s o r t  these i n t o  process and/or product q u a l i t y  r e l a t e d  parameters. 

The under l y ing  p r i n c i p l e  o f  t he  method i s  t he  simultaneous use o f  h igh  r e s o l u t i o n  and 
low voltage. High r e s o l u t i o n  separates the  very l a r g e  number o f  hydrocarbons and 
heterocompounds t h a t  have t h e  same nominal molecular  weight bu t  possess d i f f e r e n t  
formulas and thus s l i g h t l y  d i f f e r e n t  p rec i se  masses. Such m u l t i p l e t s  c o n s i s t  o f  s i x  
t o  e i g h t  peaks on the  average a t  every mass from about mass 150 t o  mass 500 o r  600 i n  
coal  l i qu ids .  Examples are g iven i n  Table I V .  Low vol tage g r e a t l y  s i m p l i f i e s  the  
spect ra o f  complex mixtures by i o n i z i n g  on ly  aromatic and po la r  aromat ic  molecular  
ions. Low vol tage i s  an open-ended approach t h a t  a l lows one t o  analyze as many 
components as are present i n  a sample; and c a l i b r a t i o n  se ts  can be se t  up based on 
t h e o r e t i c a l  cons iderat ions and ex t rapo la t i ons .  This  i s  p a r t i c u l a r l y  impor tan t  i n  
complex na tu ra l  products, t h a t  con ta in  thousands o f  components t h a t  are n o t  a v a i l a b l e  
i n  pure form f o r  ca l i b ra t i on .  

The procedures invo lved i n  h igh  reso lu t i on ,  low vo l tage ana lys i s  can be summarized as 
f o l  1 ows : 

e The sample and a blend o f  halogenated aromat ic  mass reference standards 
are charged t o  a h igh  r e s o l u t i o n  mass spectrometer, i n  our case a 
Kratos MS50, and are run a t  an e f f e c t i v e  vo l tage  o f  10-11 e l e c t r o n  
v o l t s  (measured by a r a t i o  o f  50 t o  100 between the  molecular  ion, 106, 
and a strong fragment, 91, i n  m-xylene). 

e A computerized data a c q u i s i t i o n  system, Kratos DS55 p l u s  Exxon 
p r o p r i e t a r y  programs determines the  mass and i n t e n s i t y  o f  each 
component, assigns formulas, and s o r t s  the  components accord ing t o  
formula o r  compound t ype  and carbon number. 

e A second se t  o f  Exxon p r o p r i e t a r y  computer programs q u a n t i t a t e s  a l l  
i n d i v i d u a l  concentrat ions and a l s o  summarizes the  data i n t o  o v e r a l l  
s t r u c t u r a l  parameters. The scope o f  t he  ana lys i s  i s  shown i n  Table V; 
t y p i c a l  summary parameters ca l cu la ted  are l i s t e d  i n  Table V I .  

A very usefu l  f ea tu re  o f  t h e  ana lys i s  i s  t h e  c a l c u l a t i o n  o f  phys ica l  and process 
r e l a t e d  parameters from composit ion (Table VI) .  F o r  samples a v a i l a b l e  o n l y  i n  very 
smal l  amounts, t h i s  i s  o f ten the  on ly  means t o  o b t a i n  these parameters. Most o f  t he  
c a l c u l a t i o n s  use simple s to i chomet r i c  equations; d i s t i l l a t i o n  i s  c a l c u l a t e d  by 
ass ign ing  each component a b o i l i n g  range de r i ved  e i t h e r  from the  l i t e r a t u r e  o r  
ex t rapo la t i ons ;  carbon and hydrogen types are expressed i n  NMR terms by ass ign ing  
t h e o r e t i c a l  values t o  each component. I n  a l l  cases, t o t a l  sample values are obta ined 
by weighing the t h e o r e t i c a l  values o f  a l l  components by the  corresponding 
concentrat ions i n  a p a r t i c u l a r  stream and by composit ing the  data. 

The phys ica l  parameters ca l cu la ted  are genera l l y  q u i t e  accurate. Table V I1  shows 
t y p i c a l  data f o r  elemental analys is ,  Table VI11 f o r  d i s t i l l a t i o n ,  Table I X  f o r  NMK 
t ype  parameters. 

DEVELOPMENTS IN PROGRESS 

While mass spectrometry i s  c e r t a i n l y  t h e  technique t h a t  y i e l d s  the  most d e t a i l e d  
in format ion on coal  l i q u i d s ,  it a lso  has some l i m i t a t i o n s .  The major ones are the  
need t o  heat and v o l a t i l i z e  the  m a t e r i a l s  t o  be analyzed, and the  d i f f i c u l t y  o f  
i d e n t i f y i n g  s p e c i f i c  isomers i n  complex mixtures.  The v o l a t i l i t y  l i m i t a t i o n  app l i es  
t o  heavy ends b o i l i n g  above approximately 1100°F; s p e c i f i c  isomer i d e n t i f i c a t i o n  i s  a 
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problem mainly i n  t o t a l  coal  l i q u i d s .  Work i s  c o n t i n u i n g  i n  our  l a b o r a t o r i e s  t o  
reduce or  e l i m i n a t e  t h e  impact o f  these fac to rs .  

The v o l a t i l i t y  requirement can be e l i m i n a t e d  by us ing  f i e l d  desorp t ion  o r  f a s t  atom 
bombardment f o r  i o n i z a t i o n .  P r e l i m i n a r y  data obtained i n  our l a b o r a t o r i e s  show t h a t  
f i e l d  desorp t ion  can be used t o  reproduc ib ly  analyze heavy ends w i t h  molecular 
weights as h i g h  as 3000 f o r  coal  l i q u i d s  and 4000 f o r  petroleum l i q u i d s .  The 
approach requ i res  use o f  a h i g h - f i e l d  magnet f o r  mass measurements up t o  6000+ 
molecular weight and very c a r e f u l  s tandard iza t ion  o f  the  numerous experimental steps 
involved, i n c l u d i n g  p r e p a r a t i o n  of t h e  spec ia l  emi t te rs ,  sample loading, source 
alignment, scanning and computerized data a c q u i s i t i o n .  Recogni t ion o f  i n d i v i d u a l  
isomers can be accomplished through t h e  use o f  GC/MS, i n  p a r t i c u l a r  f o r  the l i g h t e r  
components up t o  CI2, and t h e  more ou ts tand ing  ones beyond t h a t  range. G U M S  data i n  
o u r  labs are g e n e r a l l y  normal ized t o  h igh  r e s o l u t i o n  MS data on the corresponding 
homologs i n  order t o  account f o r  t h e  components t h a t  can on ly  be i d e n t i f i e d  non- 
s p e c i f i c a l l y .  We are now working on methods t o  i n t e r p r e t  G U M S  data i n  the  absence 
o f  pure compound c a l i b r a n t s .  

CONCLUSION 

The a n a l y t i c a l  methodology discussed above was used f o r  l i t e r a l l y  hundreds o f  
thousands o f  samples i n  t h e  pas t  decade. Many wfre run w i t h  the  standard aproach 
o u t l i n e d  i n  F igure  1; more w i t h  the s i m p l i f i e d ,  MS only" a l t e r n a t i v e ;  and several 
w i t h  the  extended technology t h a t  included GC/MS and NMR. 

A v a i l a b i l i t y  o f  the  very d e t a i l e d  and summarizable data was demonstrably o f  great use 
i n  the planning, development, and e v a l u a t i o n  o f  coal  l i q u e f a c t i o n  and upgrading 
processes i n c l u d i n g  very  small t o  la rge  scale e f f o r t s .  
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Table I 

MAJOR COMPOUND CLASSES I N  COAL LIQUIDS 

Class 

0 SATURATES 0 

0 0 AROMATICS 

0 NAPHTHENOAROMATICS 

0 POLAR AROMATICS 

0 ASPHALTENES 

0 

0 

0 

n-para f f ins ,  i s o - p a r a f f i n s ,  cyclopentanes, 
cyclohexanes, 1-8 r i n g  condensed cyc lopara f -  
f i n s ;  b i o l o g i c a l  r e s i d u a l s  (biomarkers) such 
as isopreno id  p a r a f f i n s ,  steranes, hopanes, 
etc.  

One t o  e i g h t  r i n g  aromatics, such as ben- 
zenes, naphthalenes, acenaphthenes, f l u o -  
renes, phenanthrenes, pyrenes, chrysenes, 
benz-pyrenes, benz-perylenes, coronenes, 
etc.; and the corresponding aromat ic t h i o -  
phenes, di th iophenes, furans, d i fu rans ,  
th iophenfurans. 

One t o  e i g h t  r i n g  aromat ics as above asso- 
c i a t e d  w i t h  one o r  more s i x  membered naph- 
t h e n i c  r i n g s  (hydroaromat ics) and/or one o r  
more f i v e  membered naphthenic r ings .  Typ ica l  
hydroaromat ics are t e t r a l i n s ,  t e t r a  and oc ta  
hydrophenanthrenes, the var ious  hydropyrenes; 
t y p i c a l  naphtheno-aromatics are indans, 
benzindans, etc.  

Mono, d i -  and t r i h y d r o x y l - a r o m a t i c s  and 
naphtheno-aromatics ; p y r r o l e s  and p y r i d i n e s  
associated w i t h  aromatics; d i n i t r o g e n  com- 
pounds (p robab ly  d i p y r i d i n e  types);  n i t r o g e n -  
oxygen compounds such as hydroxy p y r i d i n e s  
and hydroxy pyr ro les .  

Po la r  aromat ics w i t h  increased amounts o f  
p o l y - f u n c t i o n a l  types, such as di-oxygen 
compounds. 
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Table I1 

MS TYPE ANALYSES ARE I N  GOOD AGREEMENT WITH CHROMATOGRAPHIC SEPARATIONS 

Saturates I A roma t i cs 
I 

Polars 

Sample 

A 
B 
C 

Saturates 

B. R e p r o d u c i b i l i t y  

Rep1 i c a t e  runs 
Aromatics & Po la rs  

1 
2 
3 
4 
5 
6 

Average standard d e v i a t i o n  
on 16 runs i n  one month 

58 
44 
49 
36 
18 

Carbon No. 

6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

35 
30 
14 
0 
3 

MS 

17 

4 

- 

a 

y i ~ s i  E ~epn. 

8 65 63 j i; 29 
44 47 34 

4 1 51 55 39 36 

27.69 
27.66 
27.71 
27.92 
27.68 
27.54 

72.31 
72.34 
72.29 
72.08 
72.32 
72.46 

0.081 0.081 

Table I11 

SEPARATION PLUS HIGH RES MS DETECTS PPB COMPONENTS 

Example: A c i d i c  F r a c t i o n  o f  a Coal L i q u i d  

Phenols 

4389 
28400 
16875 
1715 
4 50 
287 
21 
8 
0 

34 

Concentrat ion,  p a r t s  per b i l l i a  
Indanols I Hydroxy-Indenes 

I 

Separat ion enrichment : -4,200-fold 

0 Dynamic range i n  high res  MS run  : -18,000 
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Table I V  

TYPICAL MULTIPLET SITUATIONS I N  COAL LIQUIDS 

I Component Class Example 
D e l t a  
Mass - 

Resol v i  ng Power Requi red 
Mass 300 Mass 600 

Non Condensed/Condensed 
Hydrocarbons C22H36/C23H24 0.0939 3200 6400 

Non Condensed Hydrocarbons/ 
Aromatic Thiophenes C22/H36/C20H28S 0.0905 3300 6600 

Non Condensed Hydrocarbons/ 
Mono-Oxygen Compounds C22H36/C21H320 0.0364 8300 16600 

1 3 C  i so topes  o f  Hydro- 
carbons/N compounds 13C12C21H36/C21H35N 0.0082 37000 64000 

Aromatic Thiophenes/ 
condensed Hydrocarbons C20H28S/C23H24 0.0034 88000 176000 
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Table V I  

PARAMETERS CALCULATED B Y  HIGH RESOLUTION, LOW VOLTAGE MS ANALYSIS 

Composition 

e Each component (carbon no. homolog) t weight percent 

0 Each homologous s e r i e s  

e Overa l l  sample 

Physical Properties 

0 Overa l l  sample 

0 Selected classes, homologous 
se r ies  fo r  s u i t a b l e  p roper t i es  

Process Related Parameters 

e Overa l l  sample 
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t weight percent 
t Avg. C no. 
t Avg. MW 

t Aromatic r i n g  d i s t r i b u t i o n  

+ Avg. MW 
+ Avg. carbon no. 
t Avg. hydrogen d e f i c i e n c y  
t Weight f r a c t i o n  i n  aromat ic  

by chemical c lass  

nuc le i ,  sidechains, sa tu ra te  
r i n g s  

+ Atomic C, H, 0, N, S, H/C 

t C, H types as measured by 

t D i s t i l l a t i o n  curve 

t Density, r e f r a c t i v e  index 

t Predic ted composit ion o f  

NMR 

p o t e n t i a l  d i s t i l l a t i o n  cu ts  

+ Solvent  q u a l i t y  index i n  

t Several o thers 

Exxon Donor Solvent  process 
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Table V 

MS ANALYSIS DETERMINES VERY LARGE NUMBER OF COMPONENTS 

Chemical Class 

Hydrocarbons 

Thiophenes 

Dithiophenes 

Furans/Phenol ics 

N i t rogen Cpds 

N i t rogen Oxygen Cpds 

Sul f ur-Oxygen, 
Su l fu r -d ioxygen Cpds 

DiNitrogen, N i t rogen 
O i  -oxygen Cpds 

Miscel laneous h i g h l y  
condensed, po ly -  
f u n c t i o n a l  compounds 

L i s t  o f  Components Determined Appr. No. o f  
Range i n  Homologous Ser ies  Components 

CnH2n+2 th rough CnH2n-50 700 

CnH2n-2S 

CnH2n -20 

‘ r1~2n-6~2 ” 

‘11~2n-6’2 ” 

‘r1~2n-6’3 ” 

‘nH2n-6”4 “ 

‘ r1~2n-3~ 

CnH2n-3NU “ 

CnH2n - 10SOx ’‘ 

CnH2n-6Nxox ” 

CnH2n-50S 

‘ t1~2n-44~2 

‘nH2n-500 

‘nH2n-4002 

CnH2n-2803 

‘ t1~2n-28~4 

‘11~2n-41~ 

‘nH2n-41 No 

Cn H2n- 40Sox 

CnH2n-4ONxOx 

Tota l  

550 

550 

1100 

6 50 

600 

600 

500 

500 

1000 

500 

600 

7250 
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Table VI1 

COMPARISON OF ELEMENTAL ANALYSES BY MS AN0 CHEMICAL TECHNIQUES 

A. I n d i v i d u a l  Samples 

Weight Percent 

Atomic HJC 
MS Chem. - 

0.93 0.96 

1.12 1.14 

1.70 1.69 

2.17 2.17 

Elemental N 
MS Chem. - - 

0.10 0.12 

0.90 0.70 

2.30 2.52 

5.92 6.00 

B. Composite Data on Separated Classes 

Weight Per 
MS on Separated Classes 

Element Satura tes  Aromatics Po lars  

C 86.10 91.34 84.68 

H 13.90 7.68 7.37 

0 --- 0.40 5.43 

N -_- _-- 2.52 

S --- 0.58 --- 

Elemental 0 
Chem. - MS - 

0.02 0.10 

0.71 0.76 

2.40 2.63 

3.68 3.22 

nt 

MS Composite 

88.60 

7.84 

2.28 

0.95 

0.33 

Chemical 

88.84 

7.82 

1.83 

1.17 

0.33 
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Table V I 1 1  

COMPARISON OF MS AND GC DISTILLATIONS 

Percent O f f  

Temperature, "F 

400 

500 

600 

700 

800 

900 

1000 

0.9 

5.5 

15.0 

37.0 

63.1 

86.0 

76.8 

Oe l  3.6 I 
14.0 1 
34.4 1 
:::: 1 
98.3 I 

13.4 

52.5 

83.6 

96.7 

99.2 

99.7 

99.9 

Table I X  

COMPARISON OF CARBON TYPES BY MS AND NMR 

Mole Percent 
MS NMR - -  Carbon Type 

Saturate 37.1 38.7 

Naphthenic 
L inea r  

18.2 19.5 
18.9 19.2 

O l e f i n i c  0.0 0.0 

Aroma t i c 62.9 61.3 

12.8 

48.3 

86.5 

98.2 

99.8 

00.0 

00.0 

Y 
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PYROLYSIS A N D  COMBUSTION CHARACTERIZATION OF PULVERIZED COALS 
FOR INDUSTRIAL APPLICATIONS 

Nsakala ya Nsakala ,  Gary J .  G o e t z ,  Ramesh L. P a t e 1  and Tony C. Lao 

Combustion E n g i n e e r i n g ,  I n c . ,  1000 P r o s p e c t  H i l l  Road, Windsor,  CT 06095 

James D. Hickerson  and  Harry  J. R i t z  

Department of  Energy, P i t t s b u r g h  Energy Technology C e n t e r ,  P i t t s b u r g h ,  PA 15236 

ABSTRACT 

T h i s  paper p r e s e n t s  in -depth  fundamenta l  i n f o r m a t i o n  o b t a i n e d  from a two-inch 
i n n e r  d i a m e t e r  l a m i n a r  f l o w  r e a c t o r  r e f e r r e d  t o  a s  t h e  Drop Tube Furnace  System 
(DTFS). T h i s  i n f o r m a t i o n  c o n s i s t s  of  t h e  f o l l o w i n g :  ( 1 )  p y r o l y s i s  k i n e t i c  
c h a r a c t e r i s t i c s  of  f o u r  coals of  v a r i o u s  r a n k  ( P e n n s y l v a n i a  a n t h r a c i t e ,  Alabama 
h i g h  v o l a t i l e  b i tuminous  c o a l ,  Montana subbi tuminous  c o a l ,  and  Texas  l i g n i t e ) :  and  
( 2 )  combustion k i n e t i c  s t u d i e s  of  c h a r s  produced f rom t h e  f o r e g o i n g  p a r e n t  coals. 
The combustion k i n e t i c  i n f o r m a t i o n  o b t a i n e d  on  t h e  h i g h  v o l a t i l e  b i t u m i n o u s  c o a l  
h a s  been used i n  c o n j u n c t i o n  w i t h  Combustion E n g i n e e r i n g ' s  p r o p r i e t a r y  
mathemat ica l  model t o  p r e d i c t  t h e  combustion per formance  of t h e  p i l o t  scale 
(500 ,000  B t u / h r )  C o n t r o l l e d  Mixing H i s t o r y  F u r n a c e  (CMHF). Comparison of  t h e  
p r e d i c t e d  d a t a  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  shows a v i r t u a l l y  one-to-one sca le -up  
from t h e  DTFS t o  t h e  CMHF. 

INTRODUCTION 

The Department of  E n e r g y ' s  i n t e n t  i n  s p o n s o r i n g  t h i s  and  o t h e r  r e l a t e d  programs i s  
t o  f o s t e r  i n c r e a s e d  c o a l  u s a g e  i n  t h e  Uni ted  S t a t e s .  To e f f e c t i v e l y  u s e  coal i n  
e x i s t i n g  and new a p p l i c a t i o n s  r e q u i r e s  a more d e f i n i t i v e ,  q u a n t i t a t i v e  
u n d e r s t a n d i n g  of  c o a l  p r o p e r t i e s  VS. performance. The o b j e c t i v e  of  t h i s  program 
is t o  develop  t h e  m e t h o d o l o g i e s  t h a t  most r e l i a b l y  c h a r a c t e r i z e  c o a l s  from a 
p y r o l y s i s l c o m b u s t i o n  s t a n d p o i n t  t h e r e b y  p e r m i t t i n g  a c c u r a t e  per formance  
p r e d i c t i o n s  t o  be made. T h i s  w i l l  i n  t u r n  a l l o w  i n t e l l i g e n t  u s e  of o u r  coal 
reserves f o r  a m u l t i p l i c i t y  of  i n d u s t r i a l  a p p l i c a t i o n s  w i t h  t h e  c o n f i d e n c e  l e v e l s  
r e q u i r e d .  

The q u a n t i t a t i v e  fundamenta l  d a t a  deve loped  from t h i s  s t u d y  i n d i c a t e  s i g n i f i c a n t  
d i f f e r e n c e s  i n  c o a l / c h a r  c h e m i c a l ,  p h y s i c a l ,  and r e a c t i v i t y  c h a r a c t e r i s t i c s ,  which 
s h o u l d  be u s e f u l  t o  t h o s e  i n t e r e s t e d  i n  model ing  coal combust ion  and  p y r o l y s i s  
p r o c e s s e s .  
c o a l  c o n v e r s i o n / u t i l i z a t i o n  p r o c e s s .  
p r o v i d i n g  v i t a l  i n f o r m a t i o n  t o  a d e s i g n e r  i n  t h e  area of c a r b o n  b u r n o u t  and NO 
r e d u c t i o n  f o r  a l a r g e  scale c o a l  u t i l i z a t i o n  scheme. 

The primary r e s e a r c h  t o o l s  used i n  t h i s  program were C E ' s  Drop Tube Furnace  System 
(DTFS), a bench scale e n t r a i n e d  l a m i n a r  f l o w  f u r n a c e  a n d  t h e  C o n t r o l l e d  Mixing 
H i s t o r y  Furnace (CMHF), a p i l o t  scale e n t r a i n e d  p l u g  f l o w  f u r n a c e .  
a n d  CMHF by v i r t u e  o f  t h e i r  a b i l i t y  t o  r e s o l v e  combust ion  time i n t o  d i s t a n c e  a l o n g  
t h e i r  r e s p e c t i v e  f u r n a c e  l e n g t h s  were used t o  examine c a r b o n  b u r n o u t  phenomena. 
I n  a d d i t i o n ,  t h e  CMHF by v i r t u e  o f  its staged-combustion c a p a b i l i t i e s  was used  t o  
e v a l u a t e  NOX,emissions and e s t a b l i s h  c o n d i t i o n s  c o n d u c i v e  t o  low NOX. 
r e s u l t s  o b t a i n e d  f rom t h i s  program w i l l  n o t  b e  d i s c u s s e d  i n  t h i s  p a p e r .  
a p p e a r  i n  t h e  for thcoming f i n a l  DOE r e p o r t .  

Coal  s e l e c t i o n  i s  known t o  be  o n e  of t h e  k e y s  g o v e r n i n g  a s u c c e s s f u l  
P r a c t i c a l  a p p l i c a t i o n s  o f  t h e s e  d a t a  i n v o l v e  

X 

Both t h e  DTFS 

The NOX . 
They w ~ l l  
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EXPERIMENTAL FACILITIES AND PROCEDURES 

Drop Tube Furnace  System (DTFS) 

The DTFS ( F i g u r e  1 )  i s  comprised of a 1- inch  i n n e r  d i ame te r  h o r i z o n t a l  t u b e  gas  
p r e h e a t e r  and  a 2- inch  i n n e r  d i ame te r  v e r t i c a l  t u b e  tes t  f u r n a c e  f o r  p rov id ing  
c o n t r o l l e d  t e m p e r a t u r e  c o n d i t i o n s  t o  s t u d y  p y r o l y s i s  and /o r  combust ion  phenomena. 
T h i s  e n t r a i n e d  f low r e a c t o r  is c a p a b l e  of  h e a t i n g  r e a c t a n t  g a s e s  and r e a c t i n g  
p a r t i c u l a t e s  t o  t e m p e r a t u r e s  up t o  2650°F (1730'K) and o b t a i n i n g  p a r t i c l e  
r e s i d e n c e  t imes  up t o  a b o u t  one  second t o  s i m u l a t e  t h e  r a p i d  h e a t i n g  suspens ion  
f i r i n g  c o n d i t i o n s  encoun te red  i n  p u l v e r i z e d  c o a l  f i r e d  b o i l e r s .  The DTFS t e s t i n g  
procedure e n t a i l s  t h e  f o l l o w i n g :  
through a water -cooled  i n j e c t o r  i n t o  t h e  test f u r n a c e  r e a c t i o n  zone: ( 2 )  a l l ow t h e  
f u e l  and its c a r r i e r  g a s  
g a s  s t r eam ; ( 3 )  a l l o w  combust ion  and /o r  p y r o l y s i s  t o  occur  f o r  a s p e c i f i c  t ime 
( d i c t a t e d  by  t h e  t r a n s i t  d i s t a n c e ) :  ( 4 )  quench t h e  r e a c t i o n s  by a s p i r a t i n g  t h e  
p roduc t s  i n  a wa te r - coo led  sampl ing  probe:  ( 5 )  separate t h e  s o l i d s  from t h e  

CO c o n c e n t r a t i o n s  i n  t h e  e f f l u e n t  g a s  s t r e a m .  An a s h  t r a c e r  t e c h n i q u e  (l, 2) is 
used  i n  c o n j u n c t i o n  w i t h  t h e  proximate  a n a l y s e s  of  a g iven  f e e d  sample and t h e  
c h a r s  s u b s e q u e n t l y  o b t a i n e d  from t h e  test f u r n a c e  t o  c a l c u l a t e  t h e  p y r o l y s i s  
weight l o s s e s  and /o r  combust ion  e f f i c i e n c i e s  a s  a f u n c t i o n  of  s e l e c t e d  o p e r a t i o n a l  
pa rame te r s  ( t e m p e r a t u r e ,  r e s i d e n c e  t i m e ,  f u e l  t y p e ,  e t c . ) .  

C o n t r o l l e d  Mixing H i s t o r y  Furnace  (CMHF) 

The p i l o t  s c a l e  (500,000 B t u / h r )  CMHF ( F i g u r e  1) i s  based on t h e  p r i n c i p l e  of p lug  
f l o w  which r e s o l v e s  time i n t o  d i s t a n c e  a l o n g  t h e  l e n g t h  of t h e  f u r n a c e .  
c o n s i s t s  of  a r e f r a c t o r y - l i n e d  1 . 5  f o o t  i n n e r  d i ame te r  c y l i n d e r  w i t h  an o v e r a l l  
h e i g h t  of 22.6 f t .  A m i x t u r e  of p u l v e r i z e d  f u e l  and pr imary  a i r  i s  f i r e d  downward 
i n t o  t h e  f u r n a c e  from a s i n g l e  bu rne r  c e n t r a l l y  l o c a t e d  a t  t h e  t o p  of t h e  fu rnace .  
The f u r n a c e  c o n s i s t s  of f o u r  zones - -p rehea t ,  combust ion ,  water -cooled ,  and 
a f t e r -bu rne r - -p roceed ing  downward from t h e  f u e l  admiss ion  p o i n t .  By sampling a t  
d i f f e r e n t  p o r t s  a l o n g  t h e  l e n g t h  of t h e  f u r n a c e ,  i t  is p o s s i b l e  t o  examine t h e  
carbon bu rnou t  and  NOX f o r m a t i o n  h i s t o r i e s  of  a f u e l .  An a s h  tracer method is 
a l s o  used t o  de t e rmine  t h e  s o l i d s  combustion e f f i c i e n c y  as a f u n c t i o n  of 
o p e r a t i o n a l  p a r a m e t e r s .  
ana lyzed  o n - l i n e  t o  d e t e r m i n e  NO x ,  0 2 ,  CO, and C02 c o n c e n t r a t i o n s .  

(1) f e e d  t h e  f u e l  a t  a p r e c i s e l y  known r a t e  

to r a p i d l y  mix w i t h  a p r e h e a t e d  down-flowing secondary 

gaseous p r o d u c t s  i n  a f i l t e r  medium: and ( 6 )  de t e rmine  o n - l i n e  NO x I  02. COz,  and 

I t  

Gaseous  p r o d u c t s  a s p i r a t e d  i n  a sampl ing  probe are 

RESULTS 

Ana lys i s  of  C o a l s  

The c o a l s  s e l e c t e d  f o r  t h i s  s t u d y  i n c l u d e  a l i g A  from Wilcox seam i n  Texas,  a subB 
c o a l  from Rosebud seam i n  Montana, a hvAb c o a l  from Black  Creek  seam i n  Alabama, 
and  an a n t h r a c i t e  from Buck Mountain seam i n  Pennsy lvan ia .  
u l t i m a t e  a n a l y s e s  and h i g h e r  h e a t i n g  v a l u e s  of t h e s e  c o a l s  ( T a b l e  1 )  a r e  
c o n s i s t e n t  w i th  t h e i r  ASTM c l a s s i f i c a t i o n s .  

P y r o l y s i s  C h a r a c t e r i s t i c s  of C o a l s  

S i z e  graded (200x400 mesh) c o a l s  were pyro lyzed  i n  t h e  DTFS i n  t h e  p re sence  of 
n i t r o g e n  a tmosphe re  a t  f i v e  d i f f e r e n t  t e m p e r a t u r e s  (1450,  1600,  1900, 2400, and 

The proximate and 
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TABLE 1 

SELECTED ANALYSES OF COALS 

TEXAS MONTANA ALABAMA PENN 

ligA subB hvAb an 

Rec'd DAF Rec'd DAF Rec'd DAF Rec'd DAF 

(WILCOX) (ROSEBUD) (BLACK CREEK) (BUCK MT. ) 

ANALYSIS As As As As 

Proximate, Wt. Percent 
Moisture (Total) 21.2 _ _  23.9 -- 3.6 -- 5.7 -- 
Volatile Matter 34.7 53.6 30.7 45.0 37.7 40.3 3.5 4.1 
Fixed Carbon 30.0 46.4 37.6 55.0 55.8 59.7 83.3 95.9 
Ash 14.1 _ _  7.8 -- 2.9 -- 7 . 5  -- 

Ultimate, Wt. Percent 
Hydrogen 3.5 5.5 3.6 5 . 3  4.9 5.3 1.7 1.9 
Carbon 45.6 70.5 51.6 75.5 78.5 84.0 82.7 95.3 
S u l f u r  0.6 0.9 0.7 1.0 0.7 0.7 0 .4  0.5 
Nitrogen 0 .8  1.3 0.9 1.3 1.6 1.7 0.7 0.8 
Oxygen (Diff) 14.2 21.8 11.5 16.9 7.8 8 . 3  1.3 1.5 
Ash 14.1 _ _  7.8 -- 2.9 -- 7.5 -- 

Btu/lb 7845 12130 8800 12080 13935 14910 12740 14675 
Higher Heating Value, 

2650°F) and residence times ranging up to 0.9 sec. Results, Figure 2 ,  show that: 
( 1 )  pyrolysis weight l o s s  depends significantly on temperature and time f o r  each 
coal; ( 2 )  and pyrolysis is virtually complete within 0.2 sec. for the lignite, 
subbituminous, and high volatile bituminous coals. The lignite and subbituminous 
coal showed, respectively, 12% and 14% volatile matter enhancements over their 
proximate ASTM volatile matter yields; the high volatile bituminous coal and 
anthracite, on the other hand, showed no volatile matter enhancements over ASTM 
results. 

Results in Figure 2 were used to derive the pyrolysis kinetic parameters for each 
coal. 
Walker et al. <4) was also used here. 

The derivation method used by Nsakala et al. Q), Scaroni et al. 0). and 
That is, briefly: 

C = Co exp (-kt) 1 )  

where Co is the maximum obtainable weight l o s s  referred to asAW,, , and C is the 
remaining pyrolyzable material weight at time t (C =AM, -AW, whereAW is the 
pyrolysis weight loss at time t), and k is a pyrolysis rate constant. Plugging 
these values into and manipulating Equation 1 yields 

In (l-AW/AWm) = -kt 2 )  

Plotting the left hand side of Equation 2 vs. t yields straight lines (Figure 3 )  
from which the k values can be obtained from the slopes of the least squares fits. 

Now, the k values can be used in conjunction with a first order Arrhenius law to 
obtain 

k = ko exp (-E/RT) 3 )  
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where ko,  E ,  R ,  and T are ,  r e s p e c t i v e l y ,  t h e  p y r o l y s i s  f r equency  f a c t o r ,  t h e  
a p p a r e n t  a c t i v a t i o n  e n e r g y ,  t h e  u n i v e r s a l  g a s  c o n s t a n t ,  and t h e  r e a c t i o n  
t empera tu re .  

P l o t t i n g  I n  k VS. 1/T y i e l d s  s t r a i g h t  l i n e s  ( F i g u r e  4) from which t h e  v a l u e s  of  ko 
and E can be o b t a i n e d  f rom t h e  i n t e r c e p t s  and s l o p e s  of  t h e  l e a s t  s q u a r e s  f i t s .  
R e s u l t s  from t h i s  s t u d y  are g i v e n  i n  T a b l e  2. 

TABLE 2 

KINETIC DATA FOR PYROLYSIS OF 200X400 MESH COALS I N  NITROGEN ATMOSPHERE 
AND 1450-2650°F(1060-17300K) TEMPERATURE RANGE 

FUEL TYPE E(ca l /mole )  ko(sec- ')  y 
Texas LigA 7980 50.8 -0.95 
Montana subB 4740 13.5 -0.93 
Alabama hvAb 7825 32.5 -0.98 
Pennsy lvan ia  A n t h r a c i t e  7755 38.7 -0.79 
y = C o r r e l a t i o n  C o e f f i c i e n t  

The low a c t i v a t i o n  e n e r g i e s  (4.7-8.0 kca l /mole )  encoun te red  h e r e  seem t o  i n d i c a t e  
t h a t  a p h y s i c a l ,  r a t h e r  t h a n  a chemica l ,  c o n t r o l  mechanism d o e s  c o n t r o l  t h e  
the rma l  decomposi t ion  p r o c e s s .  Var ious  i n v e s t i g a t o r s  <2, 2, 4. 5) employing 
d i lu t e -phase  r e a c t o r s  s i m i l a r  t o  t h e  p r e s e n t  DTFS have  a l s o  encoun te red  r e l a t i v e l y  
l o w  a c t i v a t i o n  e n e r g i e s  ( g e n e r a l l y  less t h a n  20 kca l /mole )  f o r  t he rma l  
decomposi t ion  of c o a l s  o f  v a r i o u s  r ank .  

Combustion C h a r a c t e r i s t i c s  of C o a l  Char s  

A commercial  g r i n d  v7OX-200 mesh) of each  c o a l  was pyro lyzed  i n  t h e  DTFS i n  
n i t r o g e n  a tmosphe re  a t  2650°F. 
o b t a i n  a 200x400 mesh size f r a c t i o n .  The proximate  and po re  s t r u c t u r a l  a n a l y s e s  
of each c o a l  c h a r  i s  g i v e n  i n  T a b l e  3. 
are v i r t u a l l y  v o l a t i l e  m a t t e r - f r e e ;  and (2)  w h i l e  t h e  BET s u r f a c e  areas fo l low t h e  

The r e s u l t a n t  c h a r  was subsequen t ly  s i z e  graded t o  

It  is notewor thy  t h a t :  (1) a l l  t h e  c h a r s  

TABLE 3 

PROXIMATE AND PORE STRUCTURAL ANALYSES OF 200X400 MESH DTFS-GENERATED CHARS 

QUANTITY TEXAS l igA MONTANA subB ALABAMA hvAb PENN. a n .  

Proximate,  W t  .%. 
V o l a t i l e  Ma t t e r  2.3(3.5)* 2.3(2.8)* 1.5(1.6)* 1.3(1.4)* 
Fixed Carbon ( D i f f )  64.3 80.3 94.6 92.1 
Ash 31.2 14.9 3.9 5.9 

191.3 89.9 16.4 2.6 

210.9 162.9 16.3 1.6 
0.79 0.69 0.86 1.62 
1.71 2.01 1.75 1.86 
0.681 0.952 0.591 0.080 

53.8 65.7 50.9 12.9 

*Dry-ash-free-basis 
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t r e n d  l i g A  > subB > hvAb > a n t h r a c i t e ,  t h e  t o t a l  open p o r o s i t y  t r e n d  i s  subB > 
l i g A  > hvAb > a n t h r a c i t e .  

Each c h a r  was burned i n  t h e  DTFS i n  0.03 atm.  0 
t e m p e r a t u r e s  (1600, 1900,  2150,  2400, and 2650"$) and r e s i d e n c e  times r a n g i n g  up 
t o  0.85 sec. R e s u l t s  show: (1) a s t r o n g  t e m p e r a t u r e  and t i m e  dependence of 
combust ion e f f i c i e n c i e s  of t h e  l i g A ,  s u b B ,  and hvAb c h a r s ;  and ( 2 )  a r e l a t i v e l y  
weak t empera tu re  and time dependence of t h e  a n t h r a c i t e  c h a r  combust ion e f f i c i e n c y .  

R e s u l t s  i n  F i g u r e  5 were used t o  de t e rmine  f o r  each  c h a r  t h e  o v e r a l l  rates o f  
ca rbon  removal  pe r  u n i t  e x t e r n a l  s u r f a c e  a r e a  ( K )  assuming t h a t  t h e  r e a c t i o n  
p roceeds  by a s h r i n k i n g  c o r e  mechanism. The K v a l u e s  were t h e n  used i n  c o n j u n c t i o n  
w i t h  classically c a l c u l a t e d  co r re spond ing  d i f f u s i o n a l  r e a c t i o n  ra te  c o e f f i c i e n t s  
(KD) t o  d e r i v e  t h e  s u r f a c e  r e a c t i o n  ra te  c o e f f i c i e n t s  ( K S )  a c c o r d i n g  t o  

( i n  n i t r o g e n  b a l a n c e )  a t  f i v e  

1 / K = l  / K D + l  / K S  4 )  

K S = ~  exp(-E/RT) 5) 

F i r s t  o r d e r  Ar rhen ius  Equa t ions  is t h e n  a p p l i e d  t o  t h e  d a t a  as f o l l o w s  

where A ,  E, R, and T are ,  r e s p e c t i v e l y ,  t h e  f r equency  f a c t o r ,  a p p a r e n t  a c t i v a t i o n  
e n e r g y ,  g a s  c o n s t a n t ,  and r e a c t i o n  t e m p e r a t u r e .  

P l o t t i n g  I n  KS v s .  1/T y i e l d s  s t r a i g h t  l i n e s  ( F i g u r e  6) from which t h e  v a l u e s  of A 
and E can be  o b t a i n e d  from t h e  i n t e r c e p t s  and s l o p e s  of  t h e  least  s q u a r e s  f i t s .  
T h i s  c a l c u l a t i o n  p rocedure  i s  g i v e n  i n  d e t a i l  by F i e l d  @, 1) and Goe tz  e t  a l .  
G). 
Two methods were used i n  t h i s  d e r i v a t i o n .  The f i r s t  method used t h e  bu lk  g a s  
t e m p e r a t u r e s  (T ). 
t e m p e r a t u r e s  (T:) by a h e a t  ba l ance  method u) a s  f o l l o w s  

The second method e n t a i l e d  c a l c u l a t i n g  p a r t i c l e  s u r f a c e  

H = H  + H r  
g c  

Where H , H , and H a r e ,  r e s p e c t i v e l y ,  t h e  ra te  o f  h e a t  g e n e r a t i o n  p e r  u n i t  area,  
t h e  rat@ o f c h e a t  l o g s  by c o n d u c t i o n ,  and t h e  ra te  of  h e a t  l o s s  by r a d i a t i o n .  
D i f f e r e n c e s  between T and T ranged from 2 0  t o  197°F. These  d i f f e r e n c e s  are 
r e f l e c t e d  i n  t h e  r e a c z i o n  k d e t i c  p a r a m e t e r s  g i v e n  i n  Tab le  4. These  r e s u l t s  
d e p i c t  t h e  impor t ance  of s p e c i f y i n g  t h e  method used i n  d e r i v i n g  combust ion k i n e t i c  
pa rame te r s .  

TABLE 4 

SENSITIVITY OF COMBUSTION KINETIC PARAMETERS OF 
VARIOUS 200x400 MESH CHARS TO THE METHOD OF DERIVATION 

E(CAL/MOLE) A(g/cmLsec.O2atm.) 

FUEL TYPE METHOD 1 METHOD 2 METHOD 1 METHOD 2 

Texas  L i g n i t e  21050 20350 57 35 .6  
Montana subB 26730 25400 593 271 
Alabama hvAb 23320 22550 80 50 
Pennsy lvan ia  A n t h r a c i t e  17900 17840 4 . 3  3.7 

Method 1: 
Method 2: 

Using measured gas t empera tu re  (T ) 
Using c a l c u l a t e d  p a r t i c l e  s u r f a c e g t e m p e r a t u r e  (Ts) 
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DTFS t o  CMHF S c a l e  Up S t u d i e s  

The combustion and  NO 
de t e rmined  i n  t h e  CMHf a t  500,000 Btu /h r  f i r i n g  r a t e .  
pa rame te r s  of t h i s  c o a l  c h a r  were  used i n  c o n j u n c t i o n  w i t h  o t h e r  c o a l  d a t a  and a n  
in-house  ma themat i ca l  model t o  s i m u l a t e  t h e  CMHF combustion p r o c e s s e s  under  
v a r i o u s  c o n d i t i o n s .  T h i s  mathemat ica l  model i s  e s s e n t i a l l y  based upon t h e  
f o r m u l a t i o n  of F i e l d  and  co-workers m, whereby t h e  f o l l o w i n g  d i f f e r e n t i a l  
e q u a t i o n  i s  s o l v e d  

c h a r a c t e r i s t i c s  of t h e  Alabama hvAb c o a l  were a lso 
The DTFS-derived k i n e t i c  

du . / d t  = -S . q .  7)  3 J J  
where u .  S .  and q . are ,  r e s p e c t i v e l y ,  t h e  we igh t  of a p a r t i c u l a r  r e s i d u a l  cha r  
f r ac t ioA’a t J ; ime  t der u n i t  i n i t i a l  we igh t  of c h a r ,  t h e  geomet r i c  s u r f a c e  a r e a  of  
e a c h  p a r t i c u l a r  f r a c t i o n  pe r  u n i t  weight  of c h a r  and t h e  r a t e  of carbon removal 
p e r  u n i t  geomet r i c  s u r f a c e  a r e a .  
i n s t a n t a n e o u s l y  r e l e a s e d  and burned.  
modeled. It  is no tewor thy  t h a t  t h e  p y r o l y s i s  i n f o r m a t i o n  p resen ted  i n  t h i s  paper 
c a n  be used i n  deve lop ing  c o a l  p y r o l y s i s  models f o r  i n c o r p o r a t i o n  i n  o v e r a l l  
combust ion  models .  

R e s u l t s  ob ta ined  from t h e  p r e s e n t  s i m u l a t i o n  s t u d y  w i l l  be exp la ined  i n  d e t a i l  i n  
t h e  f i n a l  N E  r e p o r t .  F i g u r e  7 d e p i c t s  two c a s e s :  ( I )  a base l i n e  (no  a i r  
s t a g i n g ,  20% e x c e s s  a i r ,  commercial  f u e l  g r i n d ) ;  and ( 2 )  an optimum NO r e d u c t i o n  
(50% primary s t a g e  s t o i c h i o m e t r y ,  20% e x c e s s  a i r ,  f i n e  g r i n d ) .  A very good 
agreement  e x i s t s  between t h e o r e t i c a l  and expe r imen ta l  r e s u l t s ,  i n d i c a t i n g  a 
v i r t u a l l y  one-to-one DTFS-to-CMHF scale-up.  
f o r  p r e d i c t i n g  ca rbon  h e a t  l o s s e s  i n  u t i l i t y  and i n d u s t r i a l  b o i l e r s .  
t e c h n i q u e  i s  t h e r e f o r e  o f  p r a c t i c a l  u s e s .  

Equat ion  7 assumes t h a t  t h e  v o l a t i l e  m a t t e r  is 
As s u c h ,  t h e  p y r o l y s i s  p r o c e s s  is n o t  

X 

CE is beg inn ing  t o  u s e  t h i s  t echn ique  
T h i s  

CONCLUSIONS 

The a p p a r e n t  a c t i v a t i o n  e n e r g i e s  f o r  c o a l  p y r o l y s e s  are so  l o w  (4 .7-8 .0  
kcal /mole)  t h a t  t h e y  seem to  i n d i c a t e  a p h y s i c a l  r a t h e r  t han  a chemica l  
c o n t r o l  of t h e  p y r o l y s i s  p r o c e s s .  

The appa ren t  a c t i v a t i o n  e n e r g i e s  f o r  c o a l  c h a r  combust ion  are i n  t h e  
17.9-26.7 k c a l l m o l e  r a n g e ,  i n d i c a t i n g  a ve ry  s i g n i f i c a n t  t e m p e r a t u r e  
dependence of  c o a l  c h a r  combust ion.  

Pore s t r u c t u r e  p l a y s  an impor t an t  r o l e  d u r i n g  c h a r  combust ion .  
t h e  t o t a l  open  p o r o s i t y ,  g e n e r a l l y ,  t h e  g r e a t e r  i s  t h e  c h a r  r e a c t i v i t y .  

Combustion per formance  a s  p r e d i c t e d  from DTFS k i n e t i c  d a t a  and  u s e  of  a 
mathematical  model a g r e e s  v e r y  w e l l  w i t h  combust ion  performance as d i r e c t l y  
measured on t h e  CMHF u s i n g  t h e  same c o a l .  

The fundamenta l  d a t a  p r e s e n t e d  h e r e  have  s i g n i f i c a n t  p r a c t i c a l  v a l u e  a s  
i n p u t s  t o  computer models t o  p r e d i c t  ca rbon  h e a t  l o s s e s .  

m 
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FLASH PYROLYSIS OF COAL I N  NONREACTIVE GASES 
\ 

Muthu S .  Sundaram", Meyer S te inbe rg ,  and P e t e r  T. Fa l lon  
Process  Sc ience  Div i s ion  

Department of Applied Science 
Brookhaven Nat iona l  Laboratory 

Upton, N.Y. 11973 

ABSTRACT 

Coal py ro lys i s  experiments were c a r r i e d  out  wi th  a New Mexico 
subbituminous c o a l  i n  the  presence of nonreac t ive  H e ,  N2, and A r  gases  
i n  an en t r a ined  downflow tubu la r  reactor. The percent  carbon conver- 
s ions  t o  CH4, C2H4, BTX, CO and Cog were determined as a f u n c t i o n  of 
temperature and r e s idence  time a t  50 p s i .  I n  helium atmosphere, t he  
y i e l d s  of methane and COX reached asymptotic va lues  i n  about 1 s e c  and 
e thylene  was produced thourghout the  l eng th  of t h e  BNL r e a c t o r  corre- 
sponding t o  a c o a l  p a r t i c l e  res idence  t i m e  of 1.7 sec. The r e l a t i v e  
y i e lds  of i nd iv idua l  products  were inf luenced  by t h e  py ro lys i s  atmo- 
sphere but  t he  t o t a l  carbon conversion remained almost unaf fec ted .  A 
reduct ion  i n  the  c a t i o n i c  conten t  of c o a l  by a c i d  t rea tment  enhanced 
the  production of CO and C02 but i nh ib i t ed  the  format ion  of e thy lene .  

INTRODUCTION 

D e v o l a t i l i z a t i o n  p lays  an important r o l e  in t h e  convers ion  of c o a l  
t o  gases and l i q u i d s .  It is gene ra l ly  agreed t h a t  combustion and gas i -  
f i c a t i o n  of coa l  is preceded by the  release of v o l a t i l e  ma t t e r  from the  
coa l  p a r t i c l e .  Under rap id  hea t ing  cond i t ions  (> lo4  OK/sec), v o l a t i l e  
y i e lds  i n  excess  of those  from proximate a n a l y s i s  (<LO2 OK/sec) have 
been obtained (Budzioch, 1970). Other r e a c t i o n  parameters which a f f e c t  
the  v o l a t i l e  y i e l d s  dur ing  py ro lys i s  of coa l  are: r e a c t i o n  tempera- 
t u r e ,  p a r t i c l e  r e s idence  time, and gas  pressure .  In add i t ion ,  t he  
py ro lys i s  product composition a l s o  depends on the  na tu re  of t he  en- 
t r a i n i n g  gas  medium. 

Previous r e sea rch  a t  Brookhaven mainly focused on t h e  y i e l d s ,  
d i s t r i b u t i o n ,  and k i n e t i c s  of formation of products in r e a c t i v e  hydro- 
gen and methane atmospheres (Sundaram, 1982; S te inbe rg ,  1982; Sundaram, 
1984). An i n v e s t i g a t i o n  was, t h e r e f o r e ,  i n i t i t a t e d  wi th  s p e c i a l  empha- 
sis on determina t ion  of f l a s h  p y r o l y t i c  behavior of c o a l  i n  nonreac t ive  
gases and t h e i r  mix tures .  This paper is s p e c i f i c a l l y  concerned wi th  
the  e f f e c t  of gaseous atmosphere on t h e  py ro lys i s  product y i e l d s .  

231 
I 



EXPERIMENTAL 

Figure  1 presen t s  t h e  schematics of the  en t r a ined  downflow iso- 
thermal tubu la r  r e a c t o r .  A d e t a i l e d  d e s c r i p t i o n  of t he  des ign ,  con- 
s t r u c t i o n ,  and o p e r a t i o n  of the  r e a c t o r  is  a v a i l a b l e  (Sundaram, 1982). 
The r e a c t o r  is hea ted  e l e c t r i c a l l y  by f o u r  clamshell-type hea te r s  and 
designed f o r  o p e r a t i o n  a t  temperatures up t o  1050OC and pressures  up 
t o  4000 ps ig .  P a r t i c l e  heatup rates in t he  range lo4 t o  lo5 O K / s e c  
a r e  a t t a i n a b l e  in t h i s  r e a c t o r .  Other carbonaceous m a t e r i a l s  such as 
biomass and o i l  s h a l e  have a l s o  been success fu l ly  run in t h e  u n i t .  

Coal (5150 Um i n  d iameter )  is mixed with 10 t o  30% by weight of 
Cab-0-Sil, an i n e r t  fumed s i l ica  powder, t o  prevent agglomeration, and 
is fed  by g r a v i t y  i n t o  t h e  preheated gas  stream a t  an average flow 
r a t e  of about 400 t o  600 g /hr .  The preheated gas  is i n j e c t e d  a t  a n  
average volumetr ic  flow r a t e  of about 40 t o  45 l /min. A t  t he  beginn- 
ing of t h e  run ,  the c o a l  and gas  flow r a t e s  are so ad jus t ed  t h a t  a 
cons tan t  so l id- to-gas  f eed  r a t i o  of 0.15 t o  0.25 g c o a l / l  gas is main- 
tained in order  t o  b e  a b l e  t o  cont inue  a d i l u t e  phase opera t ion .  The 
res idence  t i m e  of t h e  c o a l  p a r t i c l e s  is determined from t h e  f r e e - f a l l  
v e l o c i t y  of t h e  s o l i d  p a r t i c l e s  us ing  Stoke ' s  l a w  and from t h e  veloc- 
i t y  of t he  e n t r a i n i n g  gas  molecules. 

The proximate and u l t i m a t e  ana lyses  of c o a l  used in t h e  s tudy  a r e  
shown i n  Table 1. The acid-washed New Mexico subbituminous coa l  was 
prepared by t r e a t i n g  the  o r i g i n a l  coa l  wi th  l a r g e  excess of 1 N HC1 a t  
room temperature followed by washing with de ionized  water u n t i l  t h e  
f i l t r a t e  was f r e e  o f  c h l o r i d e  ions. A l l  c o a l  samples were d r i ed  in a 
vacuum oven f o r  a t  l e a s t  24 hours before  feeding  i n t o  the  r eac to r .  
The gases used were of 99% o r  h igher  p u r i t y .  The dens i ty ,  h e a t  capac- 
i t y ,  and thermal c o n d u c t i v i t y  d a t a  f o r  experimental  gases are l i s t e d  
i n  Table 2. 50-50 g a s  mixtures  of helium and argon were prepared from 
pure gases  on a volume percent  b a s i s .  

The p r i n c i p a l  p y r o l y s i s  products were methane, e thy lene ,  BTX, CO,  
and CO2. Product gas  samples, corresponding t o  coa l  p a r t i c l e  resi- 
dence times v a r i a b l e  up t o  2 sec ,  are taken  from any of t h e  four  sam- 
p l e  t a p s  loca ted  a t  2 - f t  i n t e r v a l s  throughout t h e  length  of t he  reac- 
t o r  and analyzed v i a  on- l ine  GC. Products heavier  than BTX a r e  formed 
only a t  low tempera tures  (<8OO0C) and c o l l e c t e d  in water-cooled con- 
densers during i so the rma l  runs and analyzed sepa ra t e ly .  Char contain- 
ing c o a l  ash ,  Cab-0-Sil, and unreacted carbonaceous ma te r i a l  is col- 
lec ted  in a char p o t .  The y i e l d s  of i nd iv idua l  carbon-containing pro- 
ducts a r e  r epor t ed  as pe rcen t  of carbon contained i n  the  feed coa l .  

RESULTS AND DISCUSSION 

The product d i s t i b u t i o n s  from pyro lys i s  of c o a l  in nonreac t ive  
gaseous atmospheres of helium, n i t rogen ,  and argon were obtained as a 
func t ion  of tempera ture ,  res idence  t i m e ,  and p res su re  (S te inberg ,  
1983). A s p e c i f i c  purpose of t h i s  work was t o  f ind  whether t h e  hea t  
t r a n s f e r  c h a r a c t e r i s t i c s  of these  gases  had any in f luence  on t h e  pyro- 
l y t i c  product d i s t i b u t i o n  and i f  so, t o  what ex ten t .  
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The y i e l d  ve r sus  coa l  p a r t i c l e  r e s idence  t i m e  curves  f o r  Various 
products ob ta ined  from t h e  f l a s h  py ro lys i s  of New Mexico subbituminous 
coa l  in helium are shown i n  F igure  2 f o r  d i f f e r e n t  i so thermal  tempera- 
t u r e s ,  from 7000 t o  1OOOOC. Although t h e  t o t a l  carbon conversion t o  
hydrocarbon gases ,  BTX, and COX tends  t o  inc rease  wi th  c o a l  p a r t i c l e  
res idence  t i m e ,  one may no te  t h a t  most of t h e  conversion occurs  w i t h i n  
1 sec, and f u r t h e r  i nc rease  in r e s idence  t i m e  does not cause  s i g n i f i -  
can t  i nc rease  in t o t a l  carbon conversion. For in s t ance ,  a t  8OO0C, a 
carbon conversion equ iva len t  t o  10% is achieved a t  1 s e c  and increas-  
ing  the  res idence  t i m e  by 0.6 sec inc reases  t h e  t o t a l  carbon conver- 
sion by only 1.6%. 

This  is expected because the  hydrogen requi red  f o r  s t a b i l i z a t i o n  
of f r e e  r a d i c a l s  generated from coa l  and from pyro lys i s  tar  is "do- 
nated" by c o a l  i t s e l f ,  and the  amount of "donatable" hydrogen, present  
mostly in t he  hydroaromatic r i n g s  in coa l ,  is a f ixed  quan t i ty .  The 
ex ten t  of c racking  of hydroaromatic r i n g s  t o  release hydrogen is prob- 
ably not in f luenced  by coa l  p a r t i c l e  res idence  t i m e  a lone .  The hydro- 
aromatic r i n g s  a r e  connected t o  o t h e r  u n i t s  and func t iona l  groups in 
coal  by chemical bonds of d i f f e r e n t  s t r eng ths .  A s  t h e  temperature is 
increased ,  bonds with h igher  d i s s o c i a t i o n  energy are thermal ly  broken 
and a d d i t i o n a l  hydrogen can be r e l eased  from t h e  hydroaromatic po r t ion  
of coa l .  I n i t i a l  a c c e l e r a t i o n  in t he  r eac t ion  rate, e s p e c i a l l y  dur ing  
the  e a r l y  s t a g e s  of py ro lys i s ,  has been a t t r i b u t e d  t o  t h e  occurrence  
of simultaneous r e a c t i o n s  and/or t o  the  r e s i s t a n c e  of i n t r a p a r t i c l e  
mass t r a n s f e r  (Kobayashi, 1977). 

The product curves  show t h a t  u l t ima te  asymptotic y i e l d s  have been 
obtained f o r  methane and COX wi th in  t h e  r e s idence  t i m e  employed. The 
production c h a r a c t e r i s t i c  of e thylene  appears t o  be cons iderably  d i f -  
f e r e n t  from t h a t  of methane and COX. Polymethylene moie t i e s  p re sen t  
in coal  are considered t o  be main p recu r so r s  f o r  e thylene  product ion  
(Calkins,  1983). A t  low temperatures,  e thylene  is produced only a t  
long res idence  times. (S imi l a r  behavior is not iced  in COX produc- 
t i o n . )  A t  h igher  temperatures,  e thylene  is cont inous ly  produced 
throughout t he  l eng th  of t h e  r eac to r  and no maximum in i t s  y i e l d  is 
v i s i b l e  from the  curves .  Ex t r apo la t ion  of t h e  900OC curve  i n d i c a t e s  a 
maximum of about 5.8% a t  about 2-sec c o a l  p a r t i c l e  res idence  t i m e .  A t  
temperatures above 9OO0C, e thylene  undergoes decomposition as can be 
c l e a r l y  seen in Figure  3 in which t h e  product y i e l d s  are p l o t t e d  a s  a 
func t ion  of temperature f o r  var ious  res idence  times. Because of l a c k  
of hydrogen, only p a r t  of t he  decomposed e thylene  r e s u l t s  in the  for -  
mation of methane. It is seen  from t h i s  F igure  t h a t  a t  1.5 sec e thy l -  
ene y i e l d  decreases  from 4.9% at  9OOOC t o  2.3% a t  1000°C ( a  r educ t ion  
of 2.6% in abso lu te  y i e l d ) ,  whereas methane y i e l d  inc reases  from 3.4% 
a t  9OOOC t o  5.0% a t  1000°C (1.6% inc rease  i n  abso lu te  y i e l d ) .  The in- 
c rease  in t h e  BTX y i e l d  from 1.5% a t  900°C t o  2.2% a t  1000°C (Table 3) 
might be a t t r i b u t e d  t o  the  secondary r eac t ions  of e thylene  unaccounted 
f o r  as above. 

It appears t h a t  c racking  of polymethylene groups is ca ta lyzed  by 
in s i t u  minera l  matter i n  coa l .  When an ac id - t r ea t ed  New Mexico sub- 
bituminous c o a l  con ta in ing  6.2% ash  was  pyrolyzed, e thy lene  y i e l d s  
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were 25 t o  30% lower than  those  from o r i g i n a l  coa l  conta in ing  22.8% 
ash. An i nc rease  in t h e  temperature from 900° to  1000°C decreased t h e  
e thy lene  y i e l d s  by approximate ly  50% in both cases  (Table 3) .  The 
presence  of coa l  mine ra l  ma t t e r ,  however, seems t o  favor  the  format ion  
of methane and BTX a t  the expense of e thylene .  For example, in t h e  
case of un t rea ted  c o a l ,  t he  combined y i e l d s  of methane and BTX in- 
c rease  by 2.3% C a g a i n s t  a 2.6XC dec rease  in t he  y i e l d  of e thylene .  
On t h e  o the r  hand, in t h e  case  of ac id- t rea ted  coa l ,  e thy lene  formed 
at low temperature seems t o  undergo secondary thermal c racking  reac- 
t i o n s  a t  high tempera ture  r e s u l t i n g  in t he  formation of char.  

As can be see i n  Table 3, reduct ion  of c a t i o n i c  conten t  of c o a l  
by a c i d  t rea tment  i nc reased  t h e  y i e l d s  of CO and COP gases .  The de- 
c r e a s e  i n  e thylene  and BTX y i e l d s  were more than compensated by in- 
c r e a s e  in COX y i e l d  in t h a t  t h e  o v e r a l l  carbon conversion t o  hydrocar- 
bon gases p lus  BTX and COX a c t u a l l y  inc reased .  From s t u d i e s  based on 
model compounds (Cypres,  1975) and c o a l  (Schafer,  1979) ,  i t  is known 
t h a t  phenolic f u n c t i o n a l  groups in c o a l  a r e  mainly respons ib le  f o r  t h e  
production of CO. On t h i s  b a s i s ,  i t  is suggested t h a t  c o a l  mineral  
matter might c a t a l y z e  t h e  polymerization r e a c t i o n s  involv ing  phenolic 
groups o r  t h e i r  p recu r so r s  dur ing  e a r l y  s t a g e s  of d e v o l a t i l i z a t i o n ,  
thereby i n h i b i t i n g  t h e  evo lu t ion  of CO. In s i t u  mineral  ma t t e r  seems 
t o  ca t a lyze  t h e  d imer i za t ion  of so lven t  r a d i c a l s  under coa l  l iquefac-  
t i o n  cond i t ions  (Sundaram, 1983-1); cau t ion  should,  however, be exer- 
c i sed  in extending  t h e s e  r e s u l t s  t o  c o a l  py ro lys i s  because of d r a s t i c  
changes in r e a c t i o n  s e v e r i t y .  

In a d d i t i o n ,  i t  is a l s o  poss ib l e  t h a t  t h e  ac id  treatment could 
have caused changes in pore s t r u c t u r e  and/or chemical s t r u c t u r e  of 
coa l ,  which may have inf luenced  the  py ro lys i s  behavior.  A more thor- 
ough and sys t ema t i c  s tudy  is requi red  before  a n  acceptab le  mechanism 
can be advanced. 

In any case, the  pre l iminary  r e s u l t s  from the  p re sen t  s tudy  are 
d i f f e r e n t  from r e c e n t  f i n d i n g s  by F rank l in  of MIT (Frankl in ,  1981) who 
pyrolyzed c o a l  v i a  an  ex tens ive ly  used c a p t i v e  sample technique wi th  
repor ted  hea t ing  r a t e s  of about 1000°K/sec and holding times up t o  5 
sec. In t h e  la ter  s tudy ,  an acid-demineralized P i t t sbu rgh  No. 8 c o a l  
was spiked wi th  va r ious  ino rgan ic  a d d i t i v e s  such as calcite, qua r t z ,  
k a o l i n i t e ,  mon tmor i l l i n i t e ,  etc. ,  and calcium minera ls  were found t o  
be p a r t i c u l a r l y  e f f e c t i v e  in cracking  oxygen func t iona l  groups t o  pro- 
duce CO. It is not  clear whether t h e  d i f f e rences  between the  two 
s tud ie s  are due t o  t h e i r  exper imenta l  techniques (BNL: en t r a ined  
flow, s h o r t  r e s idence  time, high hea t ing  r a t e ;  MIT: cap t ive  sample, 
long hold ing  t i m e ,  slow hea t ing  r a t e )  o r  to  coa l  rank  (BNL: subbitu- 
minous coa l ;  MIT: bituminous c o a l ) .  We in t end  t o  pursue t h i s  sub jec t  
matter in more d e t a i l  in t h e  f u t u r e .  

The r e s u l t s  of py ro lys i s  experiments in o the r  nonreac t ive  gases 
a r e  shown in Figure  4. The t o t a l  conversion inc ludes  t h e  y i e lds  of 
methane, e thy lene ,  BTX, and COX. Because o f  a n a l y t i c a l  l i m i t a t i o n s  in 
measuring CO in t h e  presence of n i t rogen  o r  argon, CO y i e l d  da ta  from 
helium p y r o l y s i s  experiments were used t o  determine t o t a l  conversion 
under n i t r o g e n  and argon atmospheres. Examination of F igure  4 wi th  
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t h i s  assumption sugges t s  t h a t  the  t o t a l  carbon conversion i s  almost 
unaf fec ted  by py ro lys i s  atmosphere under the  cond i t ions  r epor t ed .  An 
inc rease  i n  t o t a l  conversion i n  the  o rde r  of He>Np>Ar was repor ted  
earlier (Sundaram, 1983-2). I n  t h a t  s tudy ,  c o a l  w a s  pyrolyzed a t  a 
h igher  p re s su re  (200 p s i )  and the  r e s u l t s  ob ta ined  from experiments 
employing somewhat nonuniform res idence  t i m e  cond i t ions  (3 .5  t o  4.7 
sec )  were compared, whereas i n  t h i s  paper r e s u l t s  from more uniform, 
narrow range r e s idence  t i m e  (1.5 t o  1.7 sec )  experiments are compared. 
Py ro lys i s  experiments under o the r  cond i t ions  are i n  p rogres s ,  and t h e  
r e s u l t s  w i l l  be published i n  a f u t u r e  r epor t .  

Even though the  t o t a l  carbon conversion remained almost unaffect-  
ed by py ro lys i s  atmosphere, t h e  r e l a t i v e  y i e l d s  of p y r o l y s i s  products 
seem t o  be a l t e r e d  by d i f f e r e n t  nonreac t ive  gases .  A c lear -cu t  t rend  
i n  product y i e l d s ,  however, is not revealed i n  F igure  4.  Neverthe- 
l e s s ,  some gene ra l i za t ions  on product y i e l d s  could be made. Conver- 
sion t o  methane followed t h e  inc reas ing  o rde r  of He>SO%He/SO%Ar>N2>Ar. 
The y i e l d  of e thy lene  was lower i n  helium atmosphere than i n  N 2  o r  A r  
and the  e thylene  y i e l d  maximized a t  900°C i n  a l l  gaseous atmospheres. 
A s l i g h t l y  l a r g e r  amount of BTX w a s  produced i n  A r  and H e / A r  than i n  
He o r  N2 up t o  900°C; a t  1000°C, the  BTX y i e l d  i s  almost t h e  same in  
a l l  gaseous atmospheres. 

The gas-fi lm hea t  t r a n s f e r  c o e f f i c i e n t  and hence the  heat-up rate 
of t he  c o a l  p a r t i c l e s  were found to  fo l low the  o rde r  He>Nq>Ar. I t  
appears t h a t  the  magnitude of d i f f e r e n c e  i n  t h e  p a r t i c l e  heat-up rate 
i s  not l a r g e  enough t o  s i g n i f i c a n t l y  a f f e c t  t h e  t o t a l  v o l a t i l e s  y i e l d  
under the  cond i t ions  repor ted  he re in .  The e f f e c t  of nonreac t ive  gases 
on the  phys ica l  and chemical c h a r a c t e r i s t i c s  of t he  r e s u l t i n g  cha r  is 
not  known a t  p resen t .  In  one i n v e s t i g a t i o n ,  t h e  su r face  area of pyro- 
l y s i s  char was found t o  be a f f e c t e d  by t h e  py ro lys i s  atmosphere and it 
was repor ted  t o  fo l low the  o rde r ,  He>Ar>N2 though f o r  unexplained rea- 
sons (Thakur, 1982). 

CONCLUSIONS 

When a New Mexico subbituminous c o a l  w a s  pyrolyzed i n  d i f f e r e n t  
nonreac t ive  gases ,  t h e  relative y i e l d s  of v o l a t i l e  products  were a l -  
t e r ed  but  t h e  t o t a l  carbon convers ion  remained almost unaf fec ted .  
Acid t rea tment  o f  t h e  c o a l  enhanced the  production of COX gases  but 
i nh ib i t ed  the  formation of e thylene .  This sugges ts  t h a t  t h e  i n  s i t u  
mineral  matter might ca t a lyze  polymerization r e a c t i o n s  involv ing  oxy- 
gen f u n c t i o n a l i t i e s  i n  coa l .  
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TABLE 1. ANALYTICAL DATA FOR NEW MEXICO SUB-BITUMINOUS COAL 

Ultimate Analysis (wt % dry) Ultimate Analysis (dry) 

Carbon : 55.9 Volatile Matter : 34.9 
Hydrogen : 4.3 Fixed Carbon : 42.4 
Nitrogen : 1.1 Ash : 22.8 
Sulfur : 1.0 
Oxygen (by diff.) : 14.9 

TABLE 2. PHYSICAL PROPERTIES OF GASES AT 9OOOC AND ATM. PRESSURE 

Helium Nitrogen Argon 

P8 (gm/cc) 2.80 10-3 1.96 x 2.81 x 

IJg (CPS) 5.78 x 5.56 x 7.29 x 

Kg (Cal/cmZ0K sec) 9.78 10-4 1.68 10-4 1.13 10-4 

Cp (Cal/Mole OK) 7.57 4.97 4.97 

TABLE 3. FLASH PYROLYSIS OF NEW MEXICO SUB-BITUMINOUS COAL IN HELIUM 
ATMOSPHERE AT 50 PSI TOTAL PRESSURE 

Particle Residence Time : 1.3 - 1.5 sec. 
Percent Carbon Conversion to Designated Products 

Untreated Coal* Acid-Washed Coal** ' 

Run No. 756 754 770 770 

Temperature, OC 900 1000 900 1000 

Product Yields: 

cR4 
C2H4 

BTX 

co 

co2 

3.4 5.0 3.7 3.8 

4.9 2.3 3.4 1.7 

1.5 2.2 2.4 1.9 

2.7 5.6 5.8 8.1 

1.1 1.8 2 .o 2.5 

Total 13.6 16.9 17.3 18.0 

* Ash Content: 22.8% 
** Ash Content: 6.2% 
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EVOLUTION OF TARS AND GASES DURING 

DEVOLATILIZATION OF COAL IN A FIXED BED REACTOR 

Cokhale, A.J., Vasudevan, T . V . ,  and Mahalingam, R. 
Department of Chemical Engineering 

Washington State University 
Pullman WA 99164-2710 

ABSTRACT 

Devolatilization of a subbituminous coal has been investigated 
in a laboratory fixed bed gasifier, by contacting the coal with a 
reactive gas mixture similar to that entering the devolatilization zone 
of a commercial gasifier. Two particle sizes of feed coal PSOC-241 
(-2,+1 and -4,+3 m) at a single reactor pressure (30 psig) were 
evaluated, in the temperature range 350 to 550 C. The tars evolved were 
characterized by capillary gas chromatography and gel permeation 
chromatography. The tar and gas evolutions are described in terms of 
concentration and pressure profiles, through considerations involving 
diffusion and pore structure. The overall devolatilization rates are 
evaluated through the unreacted shrinking core model. 

INTRODUCTION 

In coal gasification, the objective is to increase the calorific 
value of the original raw fuel by removing the unwanted constituent, 
viz., ash, and also to produce a fuel which is cheaper to transport, 
handle and utilize. will be limited to a Lurgi 
type fixed bed coal gasifier. Figure 1 [l] shows a schematic diagram of 
a Lurgi fixed bed gasifier. At the present state of technology, 
reliable engineering data are available on the gasification and 
combustion zones and can be readily applied to the design of a fixed bed 
gasifier. This is not the case with the devolatilization zone and no 
systematic study of the devolatilization phenomenon in the range of 
operating parameters for a fixed bed gasifier, has been reported in 
literature. Thus, it becomes necessary to conduct experimental and 
modelling work on the devolatilization behavior of coals, as influenced 
by particle size, pressure, temperature and a reactive gas environment 
[2]. Such devolatilization st.udies on a laboratory scale fixed bed 
gasifier form the main objecti,*re of the work described here [3 ] .  The 
operating conditions for these studies are selected based on whatever 
data are available in the literature on fixed bed gasifiers, the 
approach being to simulate the conditions existing in the 
devolatilization zone of a fixed bed The composition of the 
reactive gases entering the reactor is approximated to that entering the 
devolatilization zone of a fixed bed gasifier in practice. The 
residence time for the flow of reactive gases through the coal bed is 

The present discussion 

gasifier. 
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se lec ted  t o  be maintained a t  5 seconds f o r  a l l  the runs. The r e s u l t s  
obtained from the d e v o l a t i l i z a t i o n  of a subbituminous c o a l ,  PSOC-241. a t  
30 p s i g  (0.308 MPa) Two p a r t i c l e  
s i z e s  of  feed c o a l  were evaluated: (-2,+1) mm and (-4,+3) mm. Reaction 
temperatures used were 350, 450 and 550 C. The H2/CO mole r a t i o  i n  the 
feed gas was maintained a t  2.5. The durat ion of a d e v o l a t i l i z a t i o n  run 
was 5, 10, 20 or 30 minutes.  

reac tor  pressure a re  presented here .  

EXPERIMENTAL 

A schematic representat ion of  the experimental set-up is shown 
i n  Figure 2. The f ixed  bed reac tor  used f o r  conducting the 
d e v o l a t i l i z a t i o n  s tudies  was a 4.1 cm i . d .  x 72 cm long 316 s t a i n l e s s  
s t e e l  tube provided with a wire mesh grid(0.25 m opening), loca ted  4 cm 
from the bottom, t o  hold the  coal and char i n  the reac tor .  The reac tor  
was placed v e r t i c a l l y  ins ide  a furnace body. The graded coal  sample was 
introduced i n t o  the reac tor  from the top under grav i ty  by means of a 
Swagelok-type nut  and feed pipe arrangement. Based on the  reported 
g a s i f i c a t i o n  r a t e s  i n  a Lurgi type a i r  blown g a s i f i e r  [1 ,4]  i t  was 
ca lcu la ted  t h a t  the en ter ing  gas environment i n  the d e v o l a t i l i z a t i o n  
reac tor  should approximately have the following composition by volume: 
Gas H2 CO C02 CH4 N2 02 Steam Total  
Volume% 18 7 14 4 25 2 30 100 

Individual  gases  were drawn from compressed gas cy l inders  and 
mixed together  with steam i n  a steam tube. The r o l e  of  the steam tube 
was t o  convert feed water i n t o  steam, mix and preheat  the  steam-gas 
mixture t o  the des i red  d e v o l a t i l i z a t i o n  temperature. The steam tube was 
a 316 s t a i n l e s s  s t e e l  tube(l .5  cm i .d .  X 30 cm long) ,  f i l l e d  with i n e r t  
c a t a l y s t  support beads (3  m diameter, alumina content=99% by w t .  min; 
s i l i c a  content  =0.2% by w t .  max: surface area=0.3 sq.m/gm; Norton 
Chemical Company) and was placed ins ide  a small e l e c t r i c  furnace.  The 
feed gas stream entered the coa l  bed through a gas d i s t r i b u t o r  located 
a t  the bottom of the reac tor .  A high pressure back pressure regulator  
a f t e r  the  condensers was used t o  maintain the des i red  pressure i n  the 
reactor  system. The hot gases leaving the reac tor  from the  top were 
laden with the t a r  generated ins ide  the reactor :  i n  order  t o  
quant i ta t ive ly  c o l l e c t  the t a r  and steam condensate, a double pipe heat 
exchanger was used as a condenser. Cooling water was c i r c u l a t e d  through 
the outer  annulus and the t a r  laden gases were passed through the inner  
tube. Three such condensers (6mm i .d .  X 40 cm long) were used i n  series 
t o  condense most of  the t a r s .  A high pressure g l a s s  f i b e r  f i l t e r  was 
used a f t e r  the condensers a s  a f i n a l  t r a p  f o r  the t a r  p a r t i c l e s .  After  
the completion of a run, methylene chlor ide was used as  a solvent  t o  
wash down the condensers and the l i n e s ;  dissolved t a r s  and water phase 
were then co l lec ted  from the  bottom of the condensers. The y i e l d  of t a r  
was measured i n  gm of t a r  per  100 gm of coa l  fed  t o  the reac tor .  A 
Hewlett Packard 584011 gas chromatograph (with a 30 m long SE type 30 
glass  c a p i l l a r y  column and a flame ioniza t ion  de tec tor  ( F I D ) )  was used 
t o  quant i ta t ive ly  determine the species  present  i n  the  t a r  samples. 
Area v s  concentrat ion curves for  30 s tandard species  i n  methylene 
chlor ide were prepared. The species  f o r  s tandardizat ion were se lec ted  
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based on the publ ished l i t e r a t u r e  [5] .  The molecular weights of t a r  
samples were determined with a Waters Associates HPLC system. The 
columns used were 100 A and 500 A Ult ras tyrage l ,  made by Waters 
(columns: 7.8 nun i .d .  X 30 cm long) .  The c a r r i e r  solvent  was 
te t rahydrofuran (THF) and a W detec tor  was used f o r  absorption 
measurements. Polystyrene s tandards of  known molecular weights were used 
t o  prepare a molecular weight vs  e l u t i o n  volume curve. 

The gas samples co l lec ted  a t  5 ,  10, 20 and 30 minutes from the 
sampling cy l inders  during the d e v o l a t i l i z a t i o n  run were analyzed for  
individual  components. The permanent gases - C02, CO, and 02 - were 
analyzed on a CARBOSIEVE 53 column and the  hydrocarbon gases were 
analyzed on a PORAPAK R column. Both the columns were f i t t e d  on t o  a 
Hewlett Packard gas chromatograph 58408 equipped with an ECD detector .  A 
MOLECULAR SIEVE 5A column was used on a Carle gas chromatogarph 111H, 
equipped with a TCD de tec tor  t o  analyse N2 
was obtained by d i f fe rence .  A t  the  end of  a 5, 10,  20 and 30 minute 
run,  the reac tor  was quenched i n  water and the  char  was removed and 
weighed. 

the H2 i n  the gas samples. 

RESULTS AND DISCUSSION 

Chemical Analyses of Coal 
Sample 

Table 1 gives  the proximate and ul t imate  analyses of the 
subbituminous c o a l ,  PSOC-241. The c o a l  sample was ground t o  minus 200 
mesh U.S. The analyses 
were performed by the Continental Test ing and Engineering Company, 
Vancouver, B.C., Canada. From these analyses ,  the value for  the ul t imate  
y i e l d  of v o l a t i l e s  was obtained as  50.07% of coa l ,  t o  be used l a t e r  i n  
the  k i n e t i c  models. In order t o  determine the e f f e c t  of the durat ion of 
the  d e v o l a t i l i z a t i o n  run on the t o t a l  weight loss, some se lec ted  
d e v o l a t i l i z a t i o n  runs were conducted f o r  durat ions of 60 minutes and i t  
was observed t h a t  there  was no addi t iona l  weight loss a f t e r  30 minutes 
from the  s t a r t  of the  run. A t  550 C ,  the  maximum weight loss occured 
equal t o  49% o f  feed  coal  sample weighing 100 gm. 

s ieve  s i z e  and equi l ibra ted  t o  room condi t ions.  

!muerature on I 5 devolat j  

A. Devola t i l i z  a t i o n  

Effect  of Temperature 

The p r i n c i p a l  e f f e c t  of i z a t  ion 
phenomenon is' the decomposition of the  organic s t r u c t u r e  of coa l  t o  
y ie ld  water ,  hydrogen, methane, oxides of carbon and hydrocarbons. 
Consider t h e  da ta  on weight l o s s  and mm 
and (-4,+3) mm s i z e  coa l  as  shown i n  Tables 2 and 3. The weight l o s s  i s  
maximum a t  550 C and is the l e a s t  a t  350 C. This confirms the e a r l i e r  
observation repor ted  i n  l i t e r a t u r e  about the nature of pyro lys i s  of 

t a r / g a s  y ie lds  f o r  the (-2,+1) 
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coal. At 350 C, the free moisture in the coal is removed and a small 
amount of tar is produced, which indicates that at this temperature, the 
majority of the coal chemical structure is still intact. At 550 C. most 
of the devolatilization as indicated by 
no additional weight loss during some runs conducted upto 60 minutes 
duration. 

is completed around 30 minutes 

A plot of the distribution of molecular weights of tar samples 
is shown in Figure 3. From this it is clear that the fraction of 
evolving tar having molecular weight of about 300 units decreases as the 
run is continued. This can be attributed to the physical de- 
polymerization of similar structures or the chemical cracking of a 
species to lower molecular weight as it is exposed to temperature for 
longer times. 

The volumetric rate of evolution for all gases (Figures 4 and 5) 
shows a peak around 5 minutes from the start of a run and the rate then 
tapers off to zero around 30 minutes. In general, the rate of evolution 
for all gases is higher at higher temperature of reaction, 1.e. 550 > 
450 > 350 C ,  for all particle sizes. 

Effect of Particle Size 

The runs at 30 psig reactor pressure in the reactive gas 
atmosphere did not weight loss for 
the two particle sizes of coal studied, at 550 C. For the (-2,+1) m 
coal, the yield of tar at 30 minutes increased with temperature as shown 
in Table 3; whereas for the (-4,+3) nun coal, the yield of tar showed a 
maximum at 450 C, as shown in Table 2. This can be attributed to the 
cracking of tar at 550 C, resulting in reduced yield of tar at 550 C as 
compared to that at 450 C. Figure 6 shows the total weight loss and tar 
yield data for the two particle sizes. The tar molecules have longer 
residence time within the larger coal particles and hence the former are 
amenable to dissociation by cracking. The next section shows how the 
internal pressure build-up and tar concentration within the coal 
particle also increase with the particle size. 

exhibit any difference in the total 

B. Hathematical Models for Devolatilization 

Single First Order Reaction 
node1 

The earliest approach to the mathematical description of the 
devolatilization phenomenon was that of Pitt (1962) [6] who proposed a 
simple first order rate expression for the overall rate of evolution of 
volatiles: 

U) - =  dV -kV 
d t  

Anthony and Howard (1976) [7) have pointed out that this is an over 
simplified description and the literature values for the activation 
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energy vary from as law as 4 kcal/rnol to as high as 55 kcal/mol. This 
observation can be explained partly as being dependent on the type of 
the experimental set-up and operating variables, but mainly stems from 
the fact that when a series of parallel first order reactions are forced 
to be represented by a single reaction, very low values for the 
activation energy are bound to be obtained. In that respect, this 
representation is purely arbitrary but sometimes it has the ability of 
describing the observed rate process. Also, since there is often a 
limitation on analyzing the different chemical species quantitatively, 
such a simplified approach does have some merit. The values of 
activation energy and frequency factor for the subbituminous coal 
studied were: 11.4 kcal/mol and 0.554.l/sec for the (-2,+1) mm size 
coal; and 3.9 kcal/mol and 0.005 l/sec for the (-4,+3) nun size coal 
respectively. These indicate that although primary devolatilization 
involves organic reactions which have activation energy of the order of 
50 kcal/mol, the first order approximation yields a very low overall 
value. Thus, it will be inappropriate to conclude from these low values 
that the devolatilization phenomenon is purely diffusion controlled. Of 
course there is a significant resistance to diffusion of volatiles 
through the ash layer, which will be evaluated later. A cross reference 
to the literature indicates that Shapatina et al., (1960) [ 8 ]  have 
reported very low values for activation energy, viz., between 1 and 4 
kcal/rnol. 

Unreacted Shrinking Core Model 

This model was tested with the experimental data from the 
PSOC-241 subbituminous coal. The runs were conducted at 30 psig reactor 
pressure and in a reactive gas atmosphere. Two particle sizes of coal 
were used: (-4,+3) and (-2,tl) mm. The governing equation for this 
model is: 

Fluid film resistance control 

Equation (3) gives the necessary relation for fractional 
conversion of coal, for this case: 

(3)  3 3  
' J R p  t "  * R C 13kdtCA9,, ~ X = l -  

tit* = x ,  P so 
Based on equation (3). X, the fractional conversion of coal to volatiles 
was plotted against the reaction time. Figure 7 shows the data for 
(-2,+1) TII particle size, at 30 psig and reaction temperatures of 350, 
450 and 550 C. The data points fall on straight lines, but since these 
lines do not pass through the origin, it is logical to assume that there 
is not significant resistance to diffusion in the gas film around the 
particles. Similar conclusions are arrived at for (-4,+3) mm size coal, 
as shown in Figure 8. 
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Ash layer diffusion control 

Equation (4) ives the necessary relation in this case: t/k & 51 [ I - ~ ( I - x )  273 i- 2(1-5,)?J , t*=dR;C%/6DeACAb ( 4 )  

Based on equation (4). [1-3(1-X) + 2(1-X)] was plotted against time, as 
shown in Figures 9 and 10. It appears that there is some resistance to 
diffusion within the ash layer and this will be examined further through 
equation (6). 

Chemical reaction control 

(5 ) 
Based on equation (5). as shown in 
Figures 11 and 12. These curves also Indicate that there could be some 
reaction control on the progress of the coal devolatilization. This will 
also be further examined through equation (6). 

[l-(l-Xfi was plotted against time, 

Ash layer diffusion versus 
chemical reaction control 

Equation (6) gives the modified version of equation (4) as: 

1/3 t/t'=[) -(I-%) 1 , t = ~ C s ~ R p / 2 C A - & ~ '  
ln[l-(l-X)] was plotted against ln[t] as shown in Figures 13 and 14. 
Since the slopes of these lines are greater than two, it can be 
concluded tnat the ash layer offers the most of the resistance to the 
progress of coal devolatilization. This is further confirmed from 
Figure 15, where k / R p  is plotted against t/t* as suggested by 
Levenspiel (1972) [lo]. From this figure it is seen that the curve shows 
a point of inflection on the 135 degree dotted line (joining the points 
( 0 , l )  and (l,O)), indicating that ash layer controls the progress of the 
reaction. 

113 2 8 a 
( 6 )  

It must be pointed out at this stage that the above model is 
only 'phenomenological' and does not take into account the actual 
intrinsic chemical reactions. The numerous chemical species involved in 
devolatilization have been lumped into one hypothetical specie for the 
sake of mathematical simplicity and due to lack of detailed information 
on chemical structure. Thus this model is more qualitative in nature for 
this type of gas-solid system: it, however is quite informative. 

Intraparticle Diffusion Model 
for Subbituminous Coal [ll] 

This model has been described by Gavalas (1982) (111. It 
describes the concentrations of tar and gas inside the coal particle as 
a function of radial position, temperature, pressure and experimental 

I 
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yie lds  of t a r  and gas .  The p r inc ipa l  equations describing t h i s  model 
arc: 

The a n a l y t i c a l  s o l u t i o n  of these equations gives the dimensionless 
pressure build-up a s  : 

The parameter ' A '  i n  t h i s  model depends on bulk pressure outside the 
p a r t i c l e s  and on t h e  temperature of the reac t ion .  The parameter 'E' 
depends on t h e  square of the p a r t i c l e  radius .  The d i f f e r e n t i a l  
equations descr ib ing  the va r i a t ion  of t a r  and gas concentrations within 
the coa l  p a r t i c l e  were solved on ACSL (Advanced Computer Simulation 
Language) and the following p l o t s  were made: The dimensionless pressure 
build-up, wi th in  the coa l  p a r t i c l e  is p l o t t e d  aga ins t  the parameter A i n  
Figure 16. This p l o t  ind ica tes  t ha t  the pressure build-up i s  higher f o r  
larger  p a r t i c l e s .  A p l o t  of t a r  mole f r a c t i o n  within the p a r t i c l e  
aga ins t  the r a d i a l  p o s i t i o n  is  shown i n  Figure 17. A p l o t  for the  t a r  
concentration a t  t h e  center  of the coa l  p a r t i c l e  with respect t o  
parameter A (which i s  a measure of the t o t a l  pressure on the system), i s  
shown i n  Figure 18. This figure shows t h a t  f o r  the pressure range 
inves t iga ted  i n  the runs (30 - 375 ps ig)  [ 3 ] ,  the t a r  concentration is  
l e s s  s e n s i t i v e  t o  pressures  upto 300 psig.  A l s o ,  from these p l o t s  it 
can be seen t h a t  a t  a given pressure,  the t a r  concentration increases  
w i t h  p a r t i c l e  s i ze .  

CONCLUSIONS 

The coa l  devo la t i l i za t ion  experimentation reported herein 
involves r e a l i s t i c  s i z e s  of coa l ,  and a reac t ive  gas environment, a s  
postulated to  be a L u r g i  f ixed 
bed g a s i f i e r ,  opera t ing  a t  a given pressure and temperature. No such 
work has  been repor ted  on a macrosample of coa l  and hence the r e s u l t s  
from t h e  present  work should be more meaningful. The conclusions t o  be 
drawn from the r e s u l t s  presented a r e $  

present  i n  the devo la t i l i za t ion  zone of 
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1. Devolatilization of coal is influenced by the operating variables. 
2. I h C  peak i n  molecular veight for the tar generated is around 300. 
3. the overall rate of devolatilitation 
docs not adequately describe the phenomenon. 
4. The resistance to diffusion of tar out of the coal particle in the 
ash layer constitutes a major controlling mechanism in coal 
devolatilization. 
5. Pressure build-up and tar concentration inside the coal particle both 
increase vith particle s i re .  

A first order approximation of 
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NOTATION 

0 

A 

A' 

B 

'AI0 

cG 

'so 

cT 

DeA' 

DGT 

DIK* 

D i K  

E 

ks ks 

k0 

kmAl 

PO 

P 

radius of coal particle, a 

dimensionless parameter 

component in the gas phase 

dimensionless parmrter 

bulk concentratim of A ' ,  gmol/cm 

Concentration of gas evolvtd, a o l / a  

initial concentration of S. gmouan3 

concentration of tar evolved, gm01/cm3 

effective diffusivity of A ' ,  m2 /sec  

binary diffusivity, aP2/sec 

Knuds.cn diffusivity of the ith component, an2/sec 

effective Knudsen diffusivity of the ith component, an2/sec 

activation energy. Ircal/mol 

reaction rate constant, l/sec 

frequency factor, l/sec 

gas f i h  mass transfer coefficient, cm/sec 

pressure, a m  

total bulk presssure, atm 

3 

3 

I 

J 
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r 

r 

R 

R 

S 

t, t 

T 

V 

W 

P 

* 

atmospheric pressure,  atm 

r a d i a l  pos i t i on  within the  coal  p a r t i c l e ,  

rad ius  of unreacted core, 

gas cons t an t ,  cal/gmol. K 

rad ius  of coa l  p a r t i c l e ,  an 

component i n  the so l id  phase 

time, Sec 

temperature, K 

y i e l d  of v o l a t i l e s ,  gm 

f r a c t i o n a l  pressure  build-up 

mole f r a c t i o n  of t a r  evolved 

mole f r a c t i o n  of gas evolved 

f r a c t i o n a l  conversion 

s to ich iometr ic  coef f ic ien t  

r a t e  of evolution of tar, Bm/gm,sec 

r a t e  of evolu t ion  of gas. d ~ m - s e c  

permeabili ty of coal 

v i s c o s i t y  of gaseous mixture, an /see 

voidage 

2 
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Table 1. Chemical Analyses of Coal SuPple 

...................................................... 
Subbituminous Coal (PSOC-241) 
Proximate Analysis Ultimate Analysis 

% Hoisture 10.81 0 Carbon 66.17 
% A8h 6.24 % Hydrogen 4.53 
% Volatiles 39.26 % Nitrogen 1.09 
% Fixed Carbon 43.69 % Chlorine 0.01 

0 Sulphur 0.39 
100 .oo % Bsh 6.25 ------ % oxygen 21.54 

100.00 
-__--_ Btu/lb 9941 

free svelling index = 0 ------ --_-_____-____---_------------------------------------ 
Table 2. Volatilcs, Tar and Gas Yields: PSOC-241 coal, (-4.+3) 

mm;rcactor @ 30 psigjrsactive gas + steam mixture 
_-_______-__-_____-_-------------------- 
Total Volatile Yield, gn 
min 30 20 10 5 
550 C 43.0 41.7 38.0 36.3 
450 C 36.4 34.9 29.8 26.7 
350 C 26.0 22.2 20.7 15.7 

Tar Yield. ~ I O  
min 30 20 10 5 
550 C 1.75 1.07 0.77 0.31 
450 C 2.17 0.89 0.80 0.74 
350 C 0.75 0.53 0.45 0.28 

Gas Yield, p 
min 30 
550 C 13.7 
450 C 18.3 
350 C 6.3 

........................................ 

_-__-_-___-__--___---------------------- 

Table 3. Volatiles, Tar and Gar Yields: PSOC-241 coal, (-2,+1) 
m;reactor @ 30 psigjrcactive gas + steam mixture 

__-_--___-__-------_____________L_______-- 

Total Volatile Yield, gm 
min 30 20 10 5 
550 C 42.9 42.2 37.1 35.8 
450 C 37.0 36.8 33.5 31.9 
350 C 24.0 23.8 23.4 21.5 

Tar Yield, ~ I O  
min 30 20 10 5 
550 C 1.90 1.3 0.85 0.64 
450 C 1.41 1.17 1.05 0.55 
350 C 0.82 0.65 0.4 0.3 

Cas Yield, QUI 
min 30 
550 C 19.7 
450,C 7.3 
350 C H.A. 

.......................................... 

-_____-_-__-_I-___------------------------ 

--________-___________I_________________-- 
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HYDROXYL FUNCTIONAL GROU_P DETERMINATION I N  COAL TARS - AND PYROLYSIS OF 0-MEZIIYLATED 

Susan A. Cannon, C. J u d i t h  Chu, Robert H .  h u g e  and John L. Margrave 

Department of Chemistry, W i l l i a m  Marsh R i c e  Universi ty  
P. 0. Box 1892, Houston, Texas 11251 

INTRODUCTION 

The ob jec t ive  of t h i s  i n v e s t i g a t i o n  vas  t o  s tudy t h e  hydroxyl func t iona l  groups 
of t a r  molecules and t o  determine t h e i r  involvement i n  t h e  mechanism of t a r  
evolu t ion  during coa l  p y r o l y s i s  processes .  
in f ra red  spec t ra  of c o a l s  and t h e i r  respec t ive  tars suggest ing t h a t  the t a r  
molecules a r e  s i m i l a r  i n  s t r u c t u r e  t o  the  parent coa l  and contain similar funct ional  
groups c h a r a c t e r i s t i c  of t h e  parent  coa l . ( l )  
molecules should lead t o  a b e t t e r  understanding of t h e  parent  coal  s t ruc ture .  Our 
main concern has been centered  on the i d e n t i f i c a t i o n  of t a r  hydroxyl func t iona l  
groups and t h e  determinat ion of t h e i r  r o l e  i n  t h e  mechanism of tar evolut ion.  
Whether hydrogen bonding through t h e  hydroxyl func t iona l  groups i s  a n  important 
f a c t o r  i n  tar evolut ion w i l l  be inves t iga ted  through the  pyro lys i s  s t u d i e s  of 
methylated coals .  The process  of methylat ion rep laces  most of t h e  phenolic and 
carboxyl ic  hydrogens i n  coa l  with methyl groups.(2,3) Thus hydrogen bonding v i a  the 
phenolic or  carboxyl ic  hydrogens should be l a r g e l y  el iminated.  

of coal pyro lys i s  could exit the  r e a c t i o n  zone rap id ly  and be trapped with i n e r t  
n i t rogen  gas on a cold m a t r i x  surface.  Matrix i s o l a t i o n  s tudies  of t a r  molecules 
produce b e t t e r  resolved FTIR spec t ra  than those i n  a coal  matr ix ,  making s t r u c t u r a l  
c h a r a c t e r i z a t i o n  of the  tar molecules a more d e f i n i t e  p o s s i b i l i t y .  

Strong s i m i l a r i t i e s  e x i s t  between t h e  

C l a r i f i c a t i o n  of t h e  s t r u c t u r e  of t a r  

The experiments were designed so t h a t  t a r  molecules and o ther  gaseous products 

EXPERIMENTAL 

The Rice Universi ty  mul t i sur face  matr ix  i s o l a t i o n  apparatus  v a s  used i n  the 
pyro lys i s  s t u d i e s  of f o u r  d i f f e r e n t  ranks of coal  and t h e i r  respec t ive  methylated 
products. The four  coa l  samples s tudied vere  P i t t sburgh  bituminous, I l l i n o i s  C6, 
Rawhide sub-bituminous and Texas l i g n i t e .  The samples v e r e  ground and s i f t e d  under 
i n e r t  n i t rogen  atmosphere t o  prevent oxidat ion.  Only t h e  -500 mesh s i z e  coa l  
p a r t i c l e s  v e r e  used i n  t h e  experiments. 

u s e f u l  f o r  pyro lys i s  s t u d i e s  over a vide  range of temperatures. 
occuring a s  a r e s u l t  of v a r i a t i o n s  in  r e a c t i o n  temperature can be r e a d i l y  detected.  
Gaseous pyro lys i s  products  including t h e  t a r  molecules were trapped i n  a ni t rogen 
mat r ix  a t  12'K. 
temperature Over a 10 minute  t rapping period. 
analyzed of f - l ine  with a n  in tegra ted  I B I - F T I R  spectrometer. Tar evolu t ion  was 
observed t o  occur wi th in  t h e  same temperature range (150-600°C) f o r  the four  coals  
s tudied.  
temperature t o  approximately 62OoC. Detai led d e s c r i p t i o n s  of the  MI-FTIR apparatus  
and the pyro lys i s  r e a c t o r  can be found elsevhere.(4,5)  

Methylation of the  c o a l  samples vas  performed according t o  the  procedures 
descr ibed by R. L i o t t a  i n  "Select ive Alkylat ion of Acidic Hydroxyl Groups i n  
Coal".(2) The genera l  r e a c t i o n  procedure may be descr ibed using t h e  following 
equat ions:  

The matr ix  i s o l a t i o n  FTIR apparatus  possessses  60 depos i t ion  sur faces  which a r e  
Small changes 

One sur face  vas  used f o r  every 40-1OO0C increment r i s e  i n  
The frozen matr ice  v e r e  l a t e r  

Therefore the experimental temperature range s tudied  vas  from room 
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(coal)-OH + (C4Hg)4N0H 

I phenolic 
and carboxyl ic  

(coal)-ON(C4;g)4 + H20 

p31 ( t h e  methylat ing agent )  

Only -500 mesb coa l  p a r t i c l e s  were used i n  our methylat ion reac t ions .  
experimental procedure f o r  the  pyro lys i s  of t h e  methylated coa ls  was i d e n t i c a l  t o  
t h a t  of the  o r i g i n a l  coa l  i n  order  t o  determine i f  methylat ion i n  any way a l t e r s  t h e  
pyro lys i s  behavior of t h e  o r i g i n a l  coal .  

The 

RESULTS AND DISCUSSION -- 
Determination f Hvdroxvl Funct ional  Groups i n  Tar 

Hydroxyl func t iona l  group determinat ion i n  coa ls  has  been undertaken both 
spectroscopical ly  ( 6 )  a s  w e l l  a s  through a combination of chemical and spectroscopic  
means.(7) 
measurement of t h e  broad i n f r a r e d  absorp t ion  region between 3600-2000 cm 
broad absorpt ion range was complicated by t h e  presence of K B r  water absorpt ions 8s 
w e l l  as absorpt ions a t t r i b u t e d  t o  hydrogen bonded OH. 
func t iona l  determinat ion involved t h e  meaeurenent of i n t e n s i t i e s  of i n f r a r e d  bands 
(carbonyl s t r e t c h i n g  a t  1770 and 1740 cm- ) assigned t o  products of a c e t y l a t i o n  
reac t ions  of coal .  Both methods involved i n d i r e c t  determinat ion of OH func t iona l  
groups i n  t h e  parent  coa l  matr ix .  
i s o l a t i o n  techniques have t h e  advantage of a c t u a l l y  i s o l a t i n g  t h e  ind iv idua l  t a r  
molecules and o ther  gaseous products  i n  an i n e r t  matr ix .  I s o l a t i o n  of t h e  
ind iv idua l  t a r  molecules i n  an i n e r t  gas mat r ix  a t  lZ°K produced w e l l  resolved 
inf ra red  spec t ra  not observed i n  t h e  FTIR spec t ra  of tars i n  a coa l  matrix. thus  
making s t r u c t u r a l  c h a r a c t e r i z a t i o n  of t h e  t a r  molecules highly feasable .  
i s o l a t e d  t a r  should a l s o  be f r e e  of hydrogen bonding thus  f a c i l i t a t i n g  t h e  
i d e n t i f i c a t i o n  of hydroxyl func t iona l  groups. 

products of P i t t sburgh  bituminous from r.t. t o  621OC. 
molecules w a s  i n i t i a t e d  a t  temperatures a s  low as  13OoC and continued u n t i l  maximum 
evolut ion was reached a t  470yC. 
broad bands a t  3000-2800 cm- due t o  CH s t re tch ing ,  and 1550-1100 cm-' due t o  CH 
bending and CO s t r e t c h i n g .  
t a r  spectra  should provide information concerning t h e  hydroxyl func t iona l  groups 
present  i n  t h e  t a r  molecules. 
absorpt ions due t o  water- tar  complexes i n  t h i s  reg ion  complicated t h e  i d e n t i f i c a t i o n  
of t a r  OH func t iona l  groups. 
molecules r e s u l t e d  i n  not iceable  increases  i n  absorpt ions due t o  water- tar  
complexes. This i s  shown i n  Figure 2 which compares t h e  matr ix  i s o l a t e d  FTIR 
spec t ra  of I l l i n o i s  #6 t a r  molecules with t h e  r e s u l t s  obtained from ta r -water  
co-deposition xperiments. A s  can be seen, two d i s t i n c t  broad absorpt ions a t  3626.5 
and 3580.9 an-' remained unaffected by the  a d d i t i o n  of water molecules. These were 
assigned t o  t a r  bydroxyl func t iona l  groups. 
four  of t h e  coal tar  molecules s tud ied  a r e  shown i n  Figure 3. Considerable amounts 
of hydroxyl func t iona l  groups were found i n  t h e  t a r s  of t h e  two h igher  rank coals ,  
Pi t tsburgh bituminous and I l l i n o i s  16, with I l l i n o i s  #6 possessing g r e a t e r  amounts 
of hydroxyl func t iona l  groups. Considerably l e s s  hydroxyl absorpt ion w a s  observed 
f o r  tbe two lower rank coa l  t a r s ,  Rawhide sub-bituminous and Texas l i g n i t e .  The 

The spectroscopic  method of hydroxyl determinat ion r e l i e d  on  ip . This  

The second method of hydroxyl 

Studies  of coa l  pyro lys i s  processes  using mat r ix  

The matr ix  , 

Figure 1 shows t h e  matr ix  i s o l a t e d  FTIR spec t ra  of the  gaseous pyro lys i s  
The evolu t ion  of t a r  

Absorptions c h a r a c t e r i s t i c  of t a r  mo ecules  were 

Study of t h e  OH s t r e t c h i n g  region of t h e  mat r ix  i s o l a t e d  

The presence of water OH s t r e t c h i n g  modes and 

Co-deposition of water (0.5 H,O/lOO N ) w i t h  tar 

The OH s t r e t c h i n g  frequencies  of a l l  
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observat ion of l e s s  hydroxyls f o r  the lower rank coa ls  i s  i n  accordance with lower 
rank coa ls  possessing less aromatic  character .  

Comparison of OH s t r e t c h i n g  frequencies  of phenol, 2-napthol and cyclohexanol 
i n  ni t rogen mat r ix  wi th  those of m a t f p  i s o l a t e d  t a r  i s  shown i n  Figure 4. 
broad tar OH absorp t ion  a t  3626.5 cm 
f requencies  of phenol and 2-napthol but no t  with cyclohexanol. 
a c i d i c  a lcohol ic  hydroxyls have OH absorpt ions a t  f requencies  higher  than 3630 cm- 
(OH s t re tch ing  f r e  uency of n i t rogen  mat r ix  i s o l a t e d  methanol is  3664 cm-'). 
peak a t  3626.5 cm-I i s  t h u s  assigned t o  a phenolic hydroxyl. One a l s o  concludes 
t h a t  a lcohol ic  hydroxyls a r e  not presen 
intense t a r  OH absorp t ion  a t  3580.9 cm-' i s  s t i l l  under inves t iga t ion .  Since t h i s  
absorpt ion i s  lower i n  frequency than t h e  phenolic OH, it i s  probably due t o  a more 
a c i d i c  OH func t iona l  group than t h e  phenolic hydroxyl. 
hydroxyls o r  phenolic hydroxyls with an adjacent  thiophene group 
(hydroxy-benzothiaphene) . (8)  

Pvrolvsis  0-Methvlated 

g r e a t  i n t e r e s t .  
important in te rmolecular  bond i n  t h e  s t r u c t u r e  of coal .  
t h e  hydroxyl func t iona l  groups were the predominant f a c t o r  i n  determining t h e  
v o l a t i l i t y  of t h e  coa l  (determined by t h e  ease of tar evolu t ion  and percent  weight 
l o s s ) ,  then rep lac ing  t h e  hydroxyl hydrogens with methyl groups should el iminate  
t h i s  hydrogen bonding and make t h e  coal  more v o l a t i l e .  Hydroxyl func t iona l  groups 
can a l s o  undergo water  e l imina t ion  reac t ions  t o  form new C-0-C cross  linkages. The 
formation of these  new c r o s s  l inkages would a l s o  a c t  t o  reduce t h e  v o l a t i l i t y  of 
coa l  and thus  increase  t h e  t a r  evolut ion temperature. Methylation of the  coal  would 
el iminate  t h e  formation of these  new cross  l inkages.  More tar might a l s o  be evolved 
due t o  the  increased v o l a t i l i t y  and decreased decomposition of t h e  O-methylated 
coa l .  

through the  cleavage of weak l inkages such a s  methylene l inkages,  then methylation 
should not e f f e c t  t h e  v o l a t i l i t y  of the  coa l  o r  t h e  t a r  evolut ion temperature. 

Slow pyro lys is  s t u d i e s  of methylated coa ls  were performed t o  determine i f  
O-methylation i n  any way has  a l t e r e d  t h e  pyrolyis  behavior of the  o r i g i n a l  coal. 
Figure 5 shows t h e  mat r ix  i s o l a t e d  FTIR spec t ra  of the  pyro lys i s  products of 
methylated P i t t sburgh  bituminous from r.t. t o  604OC. 
r e s u l t s  of t h e  methylated coa l  (Figure 5)  with those of t h e  o r i g i n a l  coa l  (Figure 1 )  
showed severa l  d i f f e r e n c e s  i n d i c a t i v e  of coa l  s t r u c t u r a l  changes a f t e r  methylation. 
Tar evolut ion temperature  has been reduced by approximately 150-200°C, ind ica t ing  a 
more v o l a t i l e  coa l  a f t e r  methylat ion.  This  was observed f o r  a l l  four  ranks of coal 
s tudied.  An increase  of approximately 10% v o l a t i l i t y  was also observed f o r  all four  
coa ls  a f t e r  methylation. 
respec t ive  methylated t a r s  a r e  sbown i n  Figure 6. For a l l  four  coa ls ,  O-methylation 
ha6 changed t h e  r e l a t i v e  i n t e n s i t i e s  of C i i  
favor  Of g r e a t e r  cH3 absorp t ions  as i s  t o  ae expected s i n c e  CH3 groups have replaced 
a l l  hydrox 1 hydrogens i n  t h e  methylated tar. 
3626.5 cm-' a r e  a l s o  absent  i n  the  methylated tar molecules. 

O-methylated coal  suggest  t h a t  methylene l inkages a r e  not  involved i n  t h e  mechanism 
of t a r  w o l u t i o n .  
poss ib le  mechanisms of tar  evolut ion.  
bonding of t h e  hydroxyl groups a s  t a r  i s  evolved. 
formation of new cross  l inkages through decomposition of t h e  hydroxyl groups a t  
lover  temperature. 
t a P e r a t u r e  a t  which t h e  new cross  l inkages decompose. I s o t o p i c  enrichment s tud ies  
a r e  cur ren t ly  i n  progress  t o  a s s i s t  in  d i s t inguish ing  between the above mechanisms. 

The 
compares favorably with t h e  OH s t re tch ing  

I n  general ,  t h e  lees 

The 

The less i n  mat r ix  i s o l a t e d  t a r  molecules. 

P o s s i b i l i t i e s  a r e  carboxyl ic  

The r o l e  of hydroxyl func t iona l  groups i n  t h e  mechanism of tar  evolut ion i s  of 
Hydrogen bonding through the hydroxyl func t iona l  groups could be an 

I f  hydrogen bonding through 

If  the  evolut ion of t a r  during coa l  thermal decomposition occured pr imari ly  

Comparison of pyro lys i s  

Comparisons of t h e  mat r ix  i s o l a t e d  t a r s  with t h e i r  

t o  I+ groups i n  t h e  tar molecules in  

Phenolic hydroxyl absorpt ions a t  

The increased v o l a t i l i t y  and t h e  lowering of t a r  evolu t ion  temperature of the 

Our r e s u l t s  from t h e  pyrolysis  of O-methylated coa l  suggest two 
The f i r s t  involves  breaking only hydrogen 

A second mechanism envis ions the  

The temperature at which t a r  evolves  i n  then set by t h e  
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, I n  any case,  t h e  la rge  increase  i n  v o l a t i l i t y  of t h e  tar component of a l l  four  coa ls  
i s  q u i t e  remarkable and suggests  a common bonding mechanism i n  a l l  coa ls .  
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Figure 2 .  Co-Deposition of I l l i n o i s  P6 Tar and H20 i n  N2 Matrix 
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Figure 3 .  MI-FTIR Spectra of Four Coal Tars 
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Figure 4 .  Comparison of Hydroxyl Stretching Frequencies in  N p  Matrix 

Figure 6 .  Comparison of CE Stretching Region of Tar and 0-Methylated Tar 
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DISC U S 2  
VERY WID COAL PYBOLYSIS 

Peter  B. Solomon, nichael A. Serio,  Robert II. Carangelo and James 8. llarLhar 

Advanced Fuel Research, Inc., 87 Church St., East Ear t ford ,  CT 06108 USA 

INTRODUCTION 

Considerable controversy e x i s t s  concerning t h e  r a t e  of c o a l  pyrolysis .  For example, 
a t  800'C, r a t e s  reported i n  the l i t e r a t u r e  (der ived assuming a s i n g l e  f i r s t  order 
process  to def ine  weight l o s s )  vary from a low of around 1 sec-' (1-4) t o  a high near 
100 sec-' (5-8), v i t h  va lues  i n  between (9,lO). 
by d i f fe rences  i n  sample composition because experiments in which coa l  rank alone was 
var ied  t y p i c a l l y  show no more than a f a c t o r  of 5 v a r i a t i o n  i n  r a t e  (11). One problem 
is t h a t  i f  the higher  r a t e  is correc t ,  then any experiment which a t tempts  t o  obtain 
isothermal  r a t e  data  a t  800°C must heat  the  coa l  in a t i m e  s h o r t  compared v i t h  the 
pyro lys i s  time, Le. on t h e  order  of 100,000"C/sec. At higher  temperatures  the  
hea t ing  r a t e  t o  obta in  i so thermal  data  must be even f a s t e r .  But f o r  most experiments 
a t  temperatures  of 800°C or higher, ca lcu la t ions  of h e a t  up r a t e s  f o r  pulver ized coal 
suggest  t h a t  i f  the higher  r a t e  i s  cor rec t ,  pyro lys i s  w i l l  t y p i c a l l y  be occurr ing 
during heat  up, even assuming zero hea ts  of reaction. Under these  circumstances i t  is 
necessary t o  know t h e  coa l  p a r t i c l e  temperature to  der ive  k i n e t i c  ra tes .  Coal 
p a r t i c l e  temperatures  dur ing  rapid pyro lys i s  have not  genera l ly  been measured. 

I n  an at tempt  t o  resolve t h i s  controversy, a new pyro lys is  experiment was designed 
which provided f o r  high hea t ing  r a t e s  and a geometry which s i m p l i f i e d  the predict ion 
of p a r t i c l e  temperatures (12). It used a small diameter  e l e c t r i c a l l y  heated tube i n t o  
which coal  and helium c a r r i e r  gas were in jec ted .  The r e a c t i o n  d is tance  was varied by 
moving t h e  e lec t rode  posi t ions.  The p a r t i c l e  temperatures  and the  p a r t i c l e  residence 
t imes were ca lcu la ted  from the  measured tube w a l l  temperatures  and t h e  gas f low r a t e s ,  
respec t ive ly .  Even a l lowing  f o r  the uncer ta in ty  i n  these  es t imated  values ,  the r a t e s  
measured a t  asymptot ic  tube  temperatures of 700'C. 800°C and 900'C agreed with the 
h ighes t  reported r a t e s  and were incons is ten t  with the  low rates. 

These heated tube experiments  therefore ,  l e n t  support t o  t h e  high r a t e  advocates but 
suf fe red  i n  conclusiveness as d i d  the other  experiments  i n  t h i s  temperature range i n  
not  having a d i r e c t  measure of p a r t i c l e  temperature (2-10.12) and reac t ion  t i m e  
(2,5,7-9.12). 
Temperatures of the s o l i d s  were determined a t  the  tube e x i t  using FT-IR emission and 
t ransmiss ion  spectroscopy (13,14) and the  t r a n s i t  t ime f o r  the  coa l  v a s  measured using 
photo t r a n s i s t o r s  a t  t h e  t o p  and bottom of t h e  tube. Temperature measurements were 
a l s o  made i n s i d e  and o u t s i d e  the tube with a thermocouple. 

Measurements were made of t h e  amount and composition of t h e  t a r ,  char  and gases  
evolved as a funct ion of t h e  measured reac t ion  t i m e  and temperature. 
primary pyrolysis ,  during which the  i n i t i a l  rapid weight loss, the  evolu t ion  of t a r  
and l i g h t e r  hydrocarbons, and t h e  disappearance of the  a l i p h a t i c  (or hydroaromatic 
hydrogen) i n  the  coal /char  a l l  happen a t  s i m i l a r  ra tes .  
of a dry  North Dakota l i g n i t e  i n  a 115 cm long tube having an asymptot ic  tube 
temperature  of 800°C, pr imary pyro lys i s  vas  completed in a period of 14 mil l iseconds 
based on t h e  mean p a r t i c l e  res idence times. 
During t h i s  period, t h e  maximum coal  temperature was increas ing  from 600 to 74OOC. 
These data, a s  w e l l  as d a t a  obtained a t  equi l ibr ium tube temperatures  of 700OC and 
935'C. a re  i n  agreement v i t h  t h e  high pyro lys i s  r a t e  o r i g i n a l l y  reported (12). 

The d iscrepancies  cannot be explained 

The tube r e a c t o r  experiment was modified t o  e l i m i n a t e  these  dravbacks. 

We focus on 

For a 200 x 325 mesh f r a c t i o n  

The e x t e n t  of a x i a l  d i spers ion  was small. 
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This paper descr ibes  t h e  experimental apparatus  and measurement technique, and 
presents  t h e  r e s u l t s  f o r  a l i g n i t e  a t  temperatures  between 600°C and 935OC. 
r e s u l t s  a r e  compared t o  the  pred ic t ions  of a pyro lys i s  model and t o  t h e  l i t e r a t u r e  
data. Reasons f o r  the  discrepancies  are discussed. 

The i 

EXPEBIllENTAL 

The r e a c t o r  is i l l u s t r a t e d  i n  Fig. 1. 
which is heated e l e c t r i c a l l y .  
top of the tube. 
(7.8). The coal-gas mixture  e n t e r s  t h e  heated s e c t i o n  of tube and h e a t s  rapidly. The 
heat  t r a n s f e r  r a t e  i s  l a r g e  because of t h e  smal l  tube diameter ,  the  high thermal  
conduct ivi ty  of the  helium c a r r i e r  gas ,  and the  f a c t  t h a t  t h e  p a r t i c l e s  c o l l i d e  with 
the hot w a l l s  of the tube. After  a v a r i a b l e  res idence t i m e ,  t h e  r e a c t i n g  s t ream is 
quenched i n  a water cooled sec t ion  of tube. The product c o l l e c t i o n  t r a i n  cons is t s  of 
a cyclone t o  separa te  t h e  char followed by a c o l l e c t i o n  bag t o  c o l l e c t  t h e  gas, t a r  
and soot. The gas from the bag is analyzed by FT-IR and t h e  s o l i d s  and l i q u i d s  a re  
co l lec ted  on the bag sur face  and i n  a f i l t e r .  

Temperature Measurements 

The temperature of the  gas-coal mixture  and outs ide  tube temperature  has  been measured 
wi th  a thermocouple. A t  constant  cur ren t ,  t h e  tube w i l l  reach an equi l ibr ium 
temperature such t h a t  t h e  ex terna l  power loss by r a d i a t i o n  and convection is equal t o  
the e l e c t r i c a l  power input. With gas and coa l  f lowing i n  the  tube. the  tube is 
i n i t i a l l y  cooler  than t h e  equi l ibr ium temperature, s i n c e  hea t  is used t o  r a i s e  the 
temperature of the  gas and coal. The heat  absorbed by the  coa l  and gas  can be 
ca lcu la ted  from the measured tube temperature. When t h e  r e a c t a n t s  reach t h e  
equi l ibr ium temperature, the  outs ide  of t h e  tube reaches a constant  temperature. 

The r e s u l t s  f o r  one s e t  of measurements wi th  coa l  present  a r e  presented i n  Fig. 2. 
The measurements include: a )  thermocouple measurements i n s i d e  and outs ide  the tube; 
b) FT-IR measurements a t  the  center  of the  g a s l s o l i d  s t ream 0.75 cm below the  end of 
the  hot tube; c) thermocouple measurements a t  t h e  p o s i t i o n  of t h e  FT-IR measurement; 
and d) thermocouple measurements i n s i d e  a water  cooled tube at tached t o  the  hot tube 
t o  measure the  quenching ra te .  

Heat t r a n s f e r  c a l c u l a t i o n s  suggest t h a t  ins ide  the  tube t h e  thermocouple reads 10- 
20°C higher than the  gas  due t o  r a d i a t i o n  from the  wal l .  The bead temperatures  a t  
the FT-1R foca l  point was ca lcu la ted  t o  be lower by approximately the  same amount 
outs ide  the tube. The measurements of t h e  e x t e r n a l  tube w a l l  temperature  a r e  low due 
t o  heat  loss from the  thermocouple bead t o  t h e  surroundings. However, t h e  maximum 
e f f e c t  of t h i s  e r r o r  can be determined by comparing t h e  asymptot ic  va lues  of the  
ex terna l  w a l l  temperature  and the  i n t e r n a l  gas  temperature ,  which come t o  thermal 
equi l ibr ium f o r  s u f f i c i e n t l y  long dis tances .  The knowledge of t h i s  temperature 
d i f fe rence  along wi th  t h e  apparent w a l l  temperature can be used t o  determine the  
e r r o r  a t  each measured w a l l  temperature, which g e t s  lower a s  t h e  tube g e t s  cooler. 
For example, i n  t h e  800°C experiment, t h e  cor rec t ions  ranged from +35"C at  8OO'C t o  
+lOec a t  500°C when using a 0.002" diameter  thermocouple bead. The cor rec t ions  
sca led  with bead diameter ,  as expected. The w a l l  p r o f i l e  shown i n  Fig. 2 has been 
cor rec ted  f o r  r a d i a t i o n  e r rors .  
the  i n s i d e  of the tube was ca lcu la ted  t o  be negl igible .  

Measurements of coa l  p a r t i c l e  temperatures  were made using FT-IR emission and 
t ransmission spectroscopy. A s  descr ibed in a previous publ ica t ion  (13), the  
t ransmi t tance  measurement is used t o  determine the  t o t a l  e m i t t i n g  sur face  of t h e  coal  
p a r t i c l e s  so t h a t  a normalized emission,  (emission/(l-transmittance)) can be compared 

It  c o n s i s t s  of a 0.2" 1.d. I n c o n e l  7 0 2  t u b e  
Coal en t ra ined  i n  cold c a r r i e r  gas i s  i n j e c t e d  a t  the  

The coa l  i s  fed using a previously descr ibed entrainment  system 

The temperature  d i f f e r e n c e  between t h e  outs ide  and 
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i n  both shape and ampli tude t o  a t h e o r e t i c a l  black-body. 
provide a d i r e c t  measurement of the  coa l  p a r t i c l e  temperature  during heat  up. 
s i m p l e  case i s  i l l u s t r a t e d  i n  t h e  i n s e r t  of Fig. 2. 
v a s  a l loved  for t h e  coa l  t o  reach t h e  asymptot ic  tube temperature of 935'C (1208 K) 
and f o r  pyro lys i s  t o  have occurred. 
the  shape of the  normalized emission spectrum gives  t h e  temperature  and the amplitude 
gives  the emittance. 
t h e o r e t i c a l  black-body a t  1190 K with  a n  ampli tude corresponding t o  an emiss iv i ty  of 
0.9. The measured temperature  i s  i n  exce l len t  agreement v i t h  the tube temperature as  
a 10°C drop i n  temperature i s  expected between the  end of t h e  tube, and the measuring 
point  a t  0.75 cm below the  end. The measurement of temperature  before and during 
pyrolysis  i s  not a s  s imple,  s ince  f o r  the  s i z e  of coa l  p a r t i c l e s  used here only 
s p e c i f i c  bands (corresponding t o  t h e  absorbing bands i n  coa l )  provide s u f f i c i e n t  
absorbance f o r  the s p e c t r a l  emit tance t o  reach 0.9. Then, only these  regions can be 
used t o  compare t o  the  black-body. The measurement technique, the problems 
encountered, t h e i r  s o l u t i o n s  and t h e  results a r e  discussed i n  another paper a t  t h i s  
meeting (14). The r e s u l t s  a t  800°C a r e  presented a s  t h e  t r i a n g l e s  i n  Fig. 2. 

Calculat ions of the temperature  of the gas, the  thermocouple bead, and the  coa l  
p a r t i c l e s  were performed given the tube wal l  temperature  as a boundary condition. The 
ca lcu la t ions  assume t h e  temperature  dependent heat  capac i ty  f o r  coa l  derived by 
Merrick (15) vhich agrees  v i t h  the measurements of Lee (16), an average s p e c t r a l  
emit tance of 0.5 f o r  t h e  200 x 325 mesh p a r t i c l e s  of c o a l s  i n  agreement v i t h  recent  
FT-IR measurements (14) and zero hea t  of react ion.  The c a l c u l a t i o n s  aasume convective 
heat  t r a n s f e r  betveen t h e  tube v a l l  and gas and betveen t h e  gas  and coal  p a r t i c l e  o r  
thermocouple bead and r a d i a t i v e  heat  t r a n s f e r  betveen the  v a l l  and the  coal  p a r t i c l e  
o r  thermocouple bead. The h e a t  t r a n s f e r  c o e f f i c i e n t  between the v a l l  and t h e  gas, 
vhich was determined from t h e  Sieder-Tate equat ion (17), was val ida ted  by equating the 
e l e c t r i c  power input  t o  t h e  power rad ia ted  and convected outs ide  t h e  tube (determined 
from the tube  temperature and emiss iv i ty)  p lus  the  hea t  t r a n s f e r  t o  the  gas ins ide  the 
tube. 

I n  order  t o  match t h e  measured p a r t i c l e  temperatures i n  t h e  e a r l y  p a r t  of the  tube 
(e.&, < 50 cm a t  8OOOC) it  was necessary t o  include a term t o  account f o r  heat  
t r a n s f e r  due t o  c o l l i s i o n s  of  r e l a t i v e l y  cold p a r t i c l e s  v i t h  the  hot  v a l l s .  This 
phenomenon, knovn a s  wall-contact  heat  t r a n s f e r ,  has  been descr ibed by Boothroyd (18). 
A heat  t r a n s f e r  c o e f f i c i e n t  v a s  def ined by analogy to  a convent ional  convective 
coef f ic ien t ,  

The predicted r e s u l t s  ( l i n e s  i n  Fig. 2) are  i n  good agreement v i t h  the measured 
temperatures. 
predicted va lues  is a good i n d i c a t i o n  t h a t  the  cor rec ted  v a l l  temperature p r o f i l e  i s  
accurate. 
i n  agreement v i t h  a 10°C drop  from the  tube end t o  the  measuring point. 
values  f o r  the  heat  of r e a c t i o n  were considered. 
v o l a t i l e  m a t e r i a l  r e s u l t s  i n  a predicted temperature  which i s  too low although the 
shape of t h e  temperature v s  d i s t a n c e  curve matched the  FT-IR data  b e t t e r  than the zero 
heat of reac t ion  case. 
t h e  heat  of reac t ion  and t h e  chemical reac t ions  t o  vhich it a p p l i e s  (e.& t a r  loss, 
o v e r a l l  v e i g h t  loss, etc.). 

P a r t i c l e  Residence T l ~ e  

The heated tube r e a c t o r  v a s  modified f o r  p a r t i c l e  v e l o c i t y  measurements. 
of a pulse of coal  through t h e  system v a s  measured f o r  each e lec t rode  pos i t ion  by 
recording s i g n a l s  from photo t r a n s i s t o r s  mounted on g l a s s  s e c t i o n s  a t  the top and 
bottom of t h e  reac tor  tube on a dual  channel osci l loscope.  Photographs of the  
osci l loscope t r a c e s  a l l o v  a n  assessment of the  mean p a r t i c l e  res idence time and the  
ex ten t  of a x i a l  dispers ion.  

The FT-IR measurement can 
A 

For t h i s  case s u f f i c i e n t  time 

For a grey-body (such as shovn here  f o r  char) 

The normalized emission spectrum is i n  good agreement v i t h  a 

Le. Qvc = h,, (Tvall - Tcoal). 

The agreement between t h e  a c t u a l  thermocouple measurements and the 

The measured p a r t i c l e  temperatures  a r e  s l i g h t l y  belov t h e  predicted values 

A value of 250 K cal/gram of t o t a l  
Possible  

Addit ional  da ta  a r e  needed t o  determine t h e  poss ib le  values  for 

The passage 
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A technique vas  developed where short ,  well-defined pulses  could be introduced by 
using an e l e c t r i c a l l y  ac t iva ted  solenoid t o  i n j e c t  the  conten ts  of a tube containing 
the  coa l  charge and gas a t  10 psig. I n  addi t ion ,  the  r e a c t o r  v a s  s e t  up over the  
FT-IR bench i n  preparat ion f o r  hot  tests wi th  temperature  measurements. 
conf igura t ion  has the  added advantage of using a l a s e r  from t h e  FT-IR beam a s  the  
l i g h t  source f o r  the  l o v e r  photo t r a n s i s t o r ,  which improved the  s i g n a l  t o  noise  
s ign i f icant ly .  
wi th  tar a f t e r  a few hot  runs. 
p a r t i c l e  stream a s  i t  emerged from the tube, which meant t h a t  t h e  measured d ispers ion  
v a s  i n  excess of what a c t u a l l y  occurred i n  the  tube. 

The photographs enabled an assessment of the p a r t i c l e  res idence t ime and of the  
p a r t i c l e  dispers ion,  which impacts on t h e  k i n e t i c  ana lys i s .  Some representa t ive  
t r a c e s  from cold and hot  tests a r e  shown i n  Fig. 3. F igure  3a i n d i c a t e s  a 
t r a n s i t  t ime of approximately 60 mil l iseconds f o r . t h e  coa l  i n  the  cold tube. 
average t r a n s i t  t ime i n  t h e  cold experiments v a s  determined from a number of 
measurements t o  be 56 milliseconds. The p a r t i c l e s ,  therefore ,  t r a v e l  at  about 80% of 
the  gas ve loc i ty  of 2 8  m/sec. 
heated over increasing d is tances  (75, 100 and 115 cm). The t r a n s i t  time is reduced t o  
about 32 mil l iseconds when 115 cm i s  heated (Fig. 3d). 

The ex ten t  of a x i a l  d i spers ion  v a s  smal l  and v a s  t y p i c a l l y  a lmost  symmetrical, which 
would lead t o  a s l i g h t  (approximately 10%) underest imat ion of the  r a t e  constant. It 
v a s  neglected i n  the  a n a l y s i s  of r e s u l t s  f o r  t h i s  paper. 

Data a r e  presented i n  Fig. 4 f o r  the  mean p a r t i c l e  t r a n s i t  times f o r  hot  experiments. 
The hot da ta  a r e  adjusted so t h a t  t h e  t r a n s i t  t i m e  i n  t h e  cold p a r t  of t h e  tube is not 
included. 
t h e  de tec tors  (125 cm) and using the  cold da ta  t o  determine t h e  t r a n s i t  time which 
should be subtracted from the  observed t r a n s i t  t ime f o r  t h e  hot  experiment. The 
adjusted d a t a  then r e f l e c t  the  amount of time i t  takes  t o  t raverse  the hot  zone. 

The p a r t i c l e  residence t ime data  d e f i n i t e l y  i n d i c a t e  t h a t  the  p a r t i c l e s  a r e  
acce lera t ing  i n  the  hot experiments a t  c lose  t o  t h e  same rate as t h e  gas  except f o r  a 
slowdown i n  the  region where pyro lys i s  begins  (-50 cm). This  is reasonable  i n  l i g h t  
of the  small value of the  c h a r a c t e r i s t i c  drag t ime,  1.5 mil l iseconds,  (which 
i n d i c a t e s  the  re laxa t ion  t i m e  f o r  a p a r t i c l e  f o r  a s t e p  change i n  gas ve loc i ty)  f o r  
t h e  s i z e  f r a c t i o n  used i n  the  hot experiments (-200, +325 mesh) (17). The data  were 
f i t  by a model which assumes the  p a r t i c l e s  a r e  moving a t  80% of the  average gas 
v e l o c i t y  u n t i l  primary pyrolysis  is 1% complete, a t  40% of the  gas  v e l o c i t y  between 
1% and 75% pyrolysis ,  and back t o  804 of the gas v e l o c i t y  a f t e r  pyro lys i s  is  75% 
completed. 
probably associated with evolut ion of gas from t h e  coa l  o r  swel l ing  which has been 
observed f o r  t h i s  l i g n i t e  under these extremely high hea t ing  rates .  

Addit ional  confirmation of the  p a r t i c l e  v e l o c i t i e s  v a s  obtained from comparing the 
p a r t i c l e  feed r a t e  wi th  t h e  dens i ty  of p a r t i c l e s  e x i t i n g  t h e  tube determined by FT-IR 
t ransmi t tance  measurements, where the  dens i ty  of p a r t i c l e s  i n  the  focus i s  inverse ly  
propor t iona l  t o  t h e i r  veloci ty .  

This 

i 
It a l s o  e l imina ted  the  l o v e r  g l a s s  tube  which tended to  be obscured 

The only problem v a s  a s l i g h t  spreading of t h e  

The 

Figures  3b-3d show the  t r a n s i t  t ime when t h e  tube is 

This  v a s  done by subt rac t ing  t h e  heated length  from t h e  d is tance  between 

The reason f o r  t h e  slow down during pyro lys i s  is not  y e t  c l e a r  but  is 

BESIILTS 

The r e s u l t s  a re  shown i n  Fig. 5 f o r  isothermal  tube temperatures  of 700'C, 800°C, and 
935% 
indiv idua l  gas spec ies )  as a func t ion  of the  r e a c t i o n  dis tance.  The mass balance v a s  
between 96.5 and 101%- 

Figures 5a-c present  the weight % char, tar, and gas  ( the sum of measured 
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The measured and c a l c u l a t e d  p a r t i c l e  temperatures  and t i m e s  a s  func t ions  of dis tance 
are shown in Figs. 5d-f. 
temperature  d a t a  obta ined  at  800°C and 935% and the  p a r t i c l e  times match t r a n s i t  
t ime da ta  obtained a t  80OOC. Confidence can be placed in the  ca lcu la ted  temperature 
at 70OoC because t h e  c a l c u l a t i o n s  use t h e  same heat  t r a n s f e r  c o e f f i c i e n t s  which give 
t h e  va l ida ted  c a l c u l a t i o n s  a t  800'C and 930°C. The t ime ca lcu la t ions  a t  70OoC and 
935% employ t h e  same r e l a t i v e  v e l o c i t y  between gas and p a r t i c l e s  t h a t  w a s  measured 
at 800°C. For a l l  three  temperatures ,  pyro lys i s  occurs  during p a r t i c l e  hea t  up, even 
though hea t ing  r a t e s  a r e  in excess of 40,000°C/sec. 

The s o l i d  l i n e s  in Figs. 5a-5c are generated using a previously presented pyrolysis  
theory ( 8 )  which c a l c u l a t e s  the  evolut ion of ind iv idua l  spec ies  using a d is t r ibu ted  
a c t i v a t i o n  energy of the  form introduced by Anthony e t  a l .  (1) f o r  each species. The 
r a t e s  f o r  t a r  and hydrocarbon gases  a r e  shown in Fig. 6. The gas  r a t e  is f i v e  times 
h igher  than t h e  r a t e  f o r  t h e  same spec ies  in Ref. 8. This  i s  t o  account f o r  the  
f a c t o r  of 5 higher  r a t e s  observed f o r  l i g n i t e s  compared t o  bituminous coa ls ,  
discussed in (11). An e r r o r  was discovered i n  t h e  c a l c u l a t i o n  of t a r  evolut ion in 
Ref. 8. The r a t e  in Fig. 6 is f o r  the  corrected ca lcu la t ion .  As a f u r t h e r  
comparison, t h e  r e c i p r o c a l s  of t h e  t imes  required t o  achieve 63% t a r  y i e l d  a r e  
p lo t ted  ( s o l i d  c i r c l e s )  in Fig. 6 a s  a func t ion  of t h e  r e c i p r o c a l  of the  average 
absolute  temperature dur ing  t h i s  period. 
a r a t e  cons tan t  of 6.3 sec-l. 
r a t e .  

The theory is i n  e x c e l l e n t  agreement wi th  t h e  data. A t  a l l  three  temperatures the  
observed weight loss is a r e s u l t  of rap id  evolut ion of tar and s lower evolut ion of the  
gases. The increase  in t o t a l  weight l o s s  wi th  increas ing  f i n a l  temperature  is the  
r e s u l t  of gas evolut ion (pr imar i ly  CO and H20) due t o  l o s s  of t i g h t l y  bound funct ional  
groups. 

For comparison with previous weight loss data ,  a s i n g l e  f i r s t  order  weight loss has 
been ca lcu la ted  (dashed l i n e s )  using a r a t e  k - 4.28 x 1014exp(-55,400/RT) sec-l. 
This is one ha l f  k t  
evolut ion of tar an% the  s lower r a t e  f o r  gas evolution. The s i n g l e  f i r s t  order  r a t e  
does not f i t  t h e  d a t a  a s  w e l l .  It g ives  a s teeper  weight l o s s  than is observed and 
t h e  y i e l d  does not increase  with temperature. Given these  l i m i t a t i o n s  inherent  i n  a 
s i n g l e  f i r s t  order  model, t h e  theory is in good agreement with t h e  data. 

The ca lcu la ted  p a r t i c l e  temperatures  match PT-IR 

A s i n g l e  pyro lys i s  experiment a t  600% gave 
These da ta  f a l l  c l o s e  t o  t h e  l i n e  def in ing  the  t a r  

( see  Fig. 6 )  and represents  a compromise between t h e  rapid 

DISCUSSION 

The measured rate f o r  pr imary pyro lys i s  weight loss is therefore  higher than the  high 
r a t e s  o r i g i n a l l y  measured b y  Badzioch and Hawskley (5 ) .  
k c a l  is what is expected from thermochemical k i n e t i c s  f o r  e thylene br idges between 
aromatic  r ings  and a g r e e s  wi th  pyro lys i s  r a t e s  f o r  model compounds and polymers where 
these  bonds are t h e  weak l i n k s  (19). 
obtained a t  much lower temperature  (-450°C) a t  a hea t ing  r a t e  of 30'C/sec. 

What a re  the  reasons f o r  t h e  d iscrepancies  between these  rates and r a t e s  reported by 
many other  i n v e s t i g a t o r s  (1-4,9,1,0,20-22)? There a r e  two reasons f o r  t h e  
discreparicies, i n t e r p r e t a t i o n  of the  r a t e  and knowledge of the  p a r t i c l e  temperatures. 
Consider f i r s t  the  g r i d  experiments. The da ta  and a n a l y s i s  by Anthony et  al .  (1) 
i l l u s t r a t e s  t h e  f i r s t  reason. They presented two k i n e t i c  i n t e r p r e t a t i o n s  f o r  t h e i r  
data. a s i n g l e  f i r s t  order  process  and a s e t  of p a r a l l e l  processes  wi th  a Gaussian 
d i s t r i b u t i o n  of a c t i v a t i o n  energies. Both i n t e r p r e t a t i o n s  f i t  t h e  da ta  using 
Arrhenius expressions f o r  k i n e t i c  ra tes .  The s i n g l e  f i r s t  order  process  which uses 
an a c t i v a t i o n  energy of 11 kcal/mole requi res  two parameters, while  the  d is t r ibu ted  
r a t e d  model which uses  a mean a c t i v a t i o n  energy of 56 kcal /mole requi res  a t h i r d  
parameter t o  descr ibe  t h e  spread in ra tes .  Niksa e t  al. (3) used a s i n g l e  f i r s t  

The a c t i v a t i o n  energy of 55 

The r a t e  is a l s o  in agreement w i t h  data  
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order  model with i ts  low a c t i v a t i o n  energy. 
a c t i v a t i o n  of the two parameter f i t  a s  being chemical ly  unreasonable, and s e t t l e d  f o r  
a less accura te  f i t  but  wi th  appropr ia te  a c t i v a t i o n  energies. The problem i s  t h a t  a 
v a r i e t y  of i n t e r p r e t a t i o n s  may provide good f i t s  t o  t h e  d a t a  over a l i m i t e d  range of 
temperature and heat ing ra tes .  
information t o  choose between the  p o s s i b i l i t i e s ,  some of which lead  t o  h ighly  
inaccurate  extrapolat ions.  It i s  only by performing a d d i t i o n a l  experiments  a t  higher 
heat ing rates and therefore  higher  pyro lys i s  temperatures  t h a t  t h e  ambigui t ies  can be 
el iminated.  
a c t i v a t i o n  energy model was t h e  b e t t e r  choice t o  produce k ; y  100 sec-l a t  800°C. 
Addit ional  discrepancies  a r e  probably due t o  inaccura te  assumptions regarding 
p a r t i c l e  temperatures which have not been measured i n  t h e  g r i d  experiments. 

I f  the  high a c t i v a t i o n  energy r a t e  is the  b e t t e r  choice, what about the  d a t a  of 
Koba ash i  e t  a l .  (2) which give a rate on t h e  order  of 1 sec-’ a t  800°C and only 100 
sec-’ a t  17OO0C? There was no d i r e c t  measurement o r  conf i rmat ion  of the  p a r t i c l e  
temperature i n  these experiments. Ins tead ,  a n  assumption was made t h a t  t h e  p a r t i c l e s  
were a t  t h e  gas  temperatures  a t  t h e  longes t  res idence t i m e  (200 mi l l i seconds)  f o r  a 
nominal furnace temperature  of 1260 K where a weight loss of 26 w t .  % was observed. 
It w a s  assumed t h a t  t h e  26 w t . %  point  was always reached a t  a temperature of 1260 K 
i n  the  higher  temperature experiments. These assumptions were used t o  determine a 
parameter, 8 ,  defined a s  the  r a t i o  of t h e  momentum shape f a c t o r  t o  the energy 
shape factor .  The p a r t i c l e  temperature  c a l c u l a t i o n s  were performed assuming: a 
value of 8 = 3, although a value c l o s e r  t o  uni ty  would be more l i k e l y ;  a smal le r  value 
of p a r t i c l e  heat capaci ty  than i s  now bel ieved (15,16); a higher value f o r  the 
absorpt ion of rad ia t ion  than recent  da ta  would i n d i c a t e  f o r  s m a l l  coa l  p a r t i c l e s  (13) 
and zero heat  of pyrolysis .  The r e s u l t i n g  c a l c u l a t i o n  g ives  a heatup t i m e  of 
approximately 18 mil l iseconds a t  1260 K, i n  c o n f l i c t  wi th  the  observat ion t h a t  no 
weight loss has occurred a t  70 mil l iseconds.  Furthermore, t h e  i n i t i a l  assumption i s  
i n  c o n f l i c t  with the  da ta  presented i n  t h i s  paper which suggest  t h a t  had t h e  coal  
been a t  1260 K f o r  even 10 mil l iseconds.  s u b s t a n t i a l l y  more than 26% weight l o s s  
would have occurred. We be l ieve  t h a t  the p a r t i c l e  temperatures  a t  which pyro lys i s  
was occurr ing were s i g n i f i c a n t l y  overest imated by Kobayashi e t  al. (2), leading t o  
underest imat ion of t h e  k i n e t i c  ra tes .  

There a r e  o ther  da ta  which do not agree wi th  our r a t e s  and where two color  temperature 
measurements were made (20-22). These measurements suggest  a high s o l i d s  temperature. 
But these measurements may i n d i c a t e  the  temperature  of a hot  cloud of soot  surrounding 
the  p a r t i c l e  or hot  spots  on t h e  p a r t i c l e  sur face  and not r e f l e c t  t h e  temperature i n  
the  region of the  p a r t i c l e  where pyro lys i s  i s  occurring. It is a l s o  t r u e  t h a t  the  
assumption of constant  e m i s s i v i t y  used i n  i n t e r p r e t a t i o n  of two-color d a t a  can be 
erroneous i n  some cases  (13.14). 

Suuberg e t  a l .  (6) r e j e c t e d  t h e  low 

The g r i d  experiments  do n o t  provide s u f f i c i e n t  

The da ta  presented i n  t h i s  paper i n d i c a t e  t h a t  t h e  d i s t r i b u t e d  

ConcLusIon 

An experiment has been performed t o  determine pyro lys i s  r a t e s  f o r  a l i g n i t e  i n  which 
both the t r a n s i t  t i m e  and temperature  of p a r t i c l e s  have been measured. The measured 
r a t e  f o r  weight loss i s  g r e a t e r  than 100 sec-’ a t  8OOOC. 
r e i n t e r p r e t a t i o n  of heated gr id  d a t a  which have given r a t e s  much lower than t h i s  a t  
comparable temperatures. 
en t ra ined  f low reac tors  were due t o  heat  t r a n s f e r  l i m i t a t i o n s .  

The r e s u l t s  suggest  a 

The r e s u l t s  a l s o  suggest  t h a t  lower r a t e s  obtained i n  
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The combustion of coa l  i s  prac t iced  widely throughout the  world. In the  
United S ta t e s  in 1982, f o r  example, almost 600 mi l l i on  tons of coa l  were burned f o r  
e l e c t r i c i t y  production (1). Nevertheless,  many fundamental aspec ts  of coal 
combustion a r e  not w e l l  understood. It has been e s t ab l i shed ,  however., t ha t  a t  
l e a s t  two genera l  processes occur during combustion: 
of the coa l  due t o  an  app l i ed  thermal s t r e s s  and heterogeneous combustion of t he  
remaining char according t o  carbon-oxygen reac t ions .  The r e l a t i v e  importance of 
each process t o  the  o v e r a l l  combustion of a p a r t i c u l a r  coa l  i s  not easy  t o  measure 
experimentally and i s  even more d i f f i c u l t  t o  pred ic t  a p r i o r i .  

pyro lys i s  or devo la t i l i za t ion  

In t he  sequence of events  t h a t  is coal  combustion, heterogeneous char 
combustion, which is usua l ly  r e fe r r ed  to  a s  char burnout,  necessa r i ly  occurs l a s t .  
This has lead  to  the  deduct ion  t h a t  t he  char burnout i s  the  r a t e  determining s t e p  
in the ove ra l l  process. This argument then provides t h a t  t o  burn coa l  more 
e f f ec t ive ly  and e f f i c i e n t l y ,  i t  is  necessary t o  understand the  mechanism, and 
thereby be ab le  t o  a f f e c t  the  r a t e  of the char-oxygen reac t ion .  

While it i s  t r u e  t h a t  t h e  r a t e  of r e l ease  and combustion of t h e  v o l a t i l e s  i n  
most p r a c t i c a l  systems a r e  f a s t  compared t o  the r a t e  of the C-O2 r eac t ions ,  the  
y i e ld  of v o l a t i l e s ,  which determines the  amount of char  which must be burned 
heterogeneously, is equa l ly  important i n  determining the  char burnout time. Hence, 
an a l t e r n a t i v e  t o  inc reas ing  t h e  r a t e  of t he  C-0 
required ex ten t  of t he  C-0 r eac t ion  by reducing the y i e ld  of char. Both aspec ts  
of the combustion of a range of coa ls  have been addressed i n  the  cu r ren t  p ro jec t ,  
but coverage in t h i s  paper is r e s t r i c t e d  t o  the p rope r t i e s  of l i g n i t e s  which a f f ec t  
t he  y ie ld  of v o l a t i l e s  and the  char r e a c t i v i t y ,  both of which may a f f e c t  the  
ove ra l l  combustion r a t e  of l i g n i t e s .  

r eac t ion  is t o  decrease the  2 

The heterogeneous r eac t ion  r a t e  of a coa l  char wi th  a r eac t an t  gas is 
influenced by such parameters a s  the inherent  char  r e a c t i v i t y ,  which is r e l a t ed  t o  
the  number of carbon a c t i v e  s i t e s ,  t he  r a t e  of t r anspor t  of t he  r eac t an t  gas t o  the 
ac t ive  sur face  a rea  and the presence of p o t e n t i a l l y  c a t a l y t i c  inorganic  species.  
Jenkins e t  a l .  (2,3) have shown t h a t  the a i r  r e a c t i v i t y  of coa l  chars is dependent 
upon the pyro lys i s  cond i t ions  under which the  chars  were prepared. As the seve r i ty  
of the pyro lys i s  condi t ions  was increased, the  number of carbon ac t ive  s i t e s  in the 
char was found t o  decrease ,  hence, t he  r e a c t i v i t y  decreased. In add i t ion ,  coa l  
char r e a c t i v i t y  was shown t o  be rank dependent; chars  produced from l i g n i t e s  being 
more r eac t ive  than those  from higher rank coals.  

The h igh  r e a c t i v i t y  of l i g n i t e  chars  has been a t t r i b u t e d ,  in p a r t ,  to t he  
Presence of ion  exchangeable ca t ion  on the  o r i g i n a l  coals.  These a r e  predominantly 
a l k a l i  and a lka l ine  e a r t h  metals ( 4 ) .  some of which a r e  exce l len t  c a t a l y s t s  f o r  the 
c-02 reac t ion  ( 5 , 6 ) .  
d i sc re t e  mineral  phases,  has been shown t o  increase  r e a c t i v i t y  (7 ) .  
t he  seve r i ty  of the  py ro lys i s  o r  reac t ion  condi t ions  inc reases ,  t he  metals lo se  
t h e i r  c a t a l y t i c  a c t i v i t y  due pr imar i ly  t o  a l o s s  of d i spe r s ion  v i a  s in t e r ing .  
occurs a s  t h e  holding t i m e  a t  temperature or t h e  reac t ion  temperature i t s e l f  

Thei r  presence on low rank coa l  chars,  a s  d i s t i n c t  from 
However, a s  

This 



increases (8). The objec t ive  of the cur ren t  work was t o  determine the  e f f e c t  of 
the presence of ca t ions ,  namely calcium and magnesium, on the  pyro lys i s  of a 
l i g n i t e  under combustion conditions and on the  subsequent r e a c t i v i t y  of p a r t i a l l y  
burned chars.  

Experimental 

The ion exchangeable ca t ions  on a Texas l i g n i t e ,  PSOC 623, were removed by 

De ta i l s  of the  
acid washing i n  0.04 N HC1. 
onto the  ac id  washed samples using 1 M metal ace t a t e  so lu t ions .  
exchange procedure have been out l ined  previously (9 ) .  
prepared samples were measured by atomic absorp t ion  spectrosopy. 

Alkaline e a r t h  meta ls ,  Ca and Mg, were back exchanged 

Cation conten ts  of the 

The raw and modified l i g n i t e  samples were pyrolyzed and p a r t i a l l y  combusted i n  
an entrained-flow reac to r  a t  an i n i t i a l  r eac to r  (gas  and wall)  temperature of 1173 
K. 
elsewhere (10). 

atmosphere a t  various residence times i n  the en t ra ined  flow reac tor  uszng a F isher  
Thermogravimetric Analyzer (Model 260 F). 
isothermally i n  a i r  a t  atmospheric pressure and a temperature of 533 K. 

A desc r ip t ion  of the r eac to r  and its mode of operation have been provided 

Reac t iv i ty  da ta  were generated on chars  produced under e i t h e r  a N or sir 

The r e a c t i v i t i e s  were obtained 

For these  condi t ions  and by using only 2 mg of char spread th in ly  on a P t  pan, 
heat and mass t r a n s f e r  e f f e c t s  should not mask the  reac t ion  r a t e .  Hence, the 
reported r e a c t i v i t i e s  a r e  believed to  be i n t r i n s i c ,  chemically cont ro l led  r a t e s .  
The gas i f i ca t ion  r e a c t i v i t i e s  a r e  taken from the maximum slope of the TGA recorder 
p lo t ,  normalized t o  the  i n i t i a l  weight of dry ash  f r ee  char.  

Results and Discussion 

The u l t imate  ana lys i s  of the  raw l i g n i t e  and the proximate ana lyses  of the raw 
and modified samples a re  shown i n  Table 1. The raw l i g n i t e  contained 1.8 w t X  
ca t ions  on a dry bas is ,  predominantly Ca (1.4%) and Mg (0.26%) with t r a c e  
quan t i t i e s  of Na. K ,  Ba and S r .  The acid washing reduced the ca t ion  conten t  t o  
l e s s  than 0.01 w t Z .  The two cation-loaded samples chosen f o r  comparison i n  the 
present study contained 1.9 w t %  Ca and 1.6 w t %  Mg. respec t ive ly .  

Weight Loss Rate Data 

Weight loss r a t e  d a t a  for pyrolys is  in N 2  and combustion i n  a i r  a t  1173 K a r e  

De ta i l s  of the  model f o r  p red ic t ing  
show i n  Figure 1 f o r  raw and ac id  washed l i g n i t e .  
loaded l i g n i t e  a r e  shown i n  Figure 2. 
residence times have been provded by Tsai and Scaroni (10). In add i t ion ,  an 
ana lys i s  i s  provided which es t imates  p a r t i c l e  and gas temperature excursions from 
the  i n i t i a l  furnace temperature of 1173 K due t o  the superimposit ion of endothermic 
hea ts  of pyro lys i s  and exothermic hea t s  of combustion. The essence of t he  ana lys i s  
is t ha t  the  l i g n i t e  p a r t i c l e s  a r e  being heated t o  the furnace (gas and ws l l )  
temperature for a t  l e a s t  0 . 1  s. Upon ign i t ion ,  p a r t i c l e  temperatures exceed gas 
temperatures for a shor t  period (< 0.1 8 )  by i n  excesa of 200 K. Hence, the  
weight loss r a t e  d a t a  i n  F igures  1 and 2 are f o r  nonisothermal py ro lys i s  and 
combustion f o r  about 0.15 8 .  

The same da ta  f o r  t he  Ca and Mg 

The d a t a  shown i n  Figures 1 and 2 have been discussed previously ( 9 )  and can 
be summarized as follows. 
evolution of v o l a t i l e s  during pyrolysis.  
secondary char forming r eac t ions  pr imar i ly  involving t a r s .  Such r eac t ions  a re  
catalyzed by Ca and Mg (11) .  

The presence of ion  exchangeable ca t ions  suppresses  the  
This i s  a t t r i b u t e d  t o  an increase  i n  

I n  an a i r  atmosphere, however, c a t a l y s i s  of  t h e  C-O2 
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reac t ion  by Ca f o r  a s h o r t  t i m e  increases  the weight l o s s  by the  Ca loaded l i g n i t e  
t o  above that  of the acid-washed sample. No such rap id  r a t e  of weight loss occurs  
f o r  t h e  Mg-loaded c o a l  s i n c e  Mg is not  a good c a t a l y s t  f o r  the C-0 
longer  res idence times, weight l o s s  r a t e s  a re  similar f o r  the r a w ,  acid-washed and 
Ca-loaded samples, and s i g h t l y  l a r g e r  f o r  the Mg loaded sample. This implies  t h a t  
c a t a l y s i s  of t he  C-O2 r e a c t i o n  is no longer  occurring. Loss of c a t a l y t i c  a c t i v i t y  
by C a  a t  high temperature  has been ascr ibed t o  loss of d ispers ion  due t o  s i n t e r i n g  
( 7 ) .  Hence, comparing the behavior of t he  raw and ac id  washed samples, the 
increased weight l o s s  due t o  shor t - l ived  but s i g n i f i c a n t  c a t a l y s i s  of t h e  C-0 
reac t ion  by the  presence of c a t i o n s  on the  raw l i g n i t e  simply compensates fo r  t h e  
reduced y ie ld  of v o l a t i l e s  because of t h e i r  presence. 

TGA Reac t iv i ty  Data 

reac t ion .  A t  2 

2 

Maximum r e a c t i v i t i e s  i n  a i r  a t  533 K of p a r t i a l l y  combusted chars  a r e  shown in 
Figure 3 a s  a func t ion  o f  weight l o s s  in the  en t ra ined  flow reac tor .  For each form 
of t h e  l i g n i t e ,  r e a c t i v i t i e s  decrease with increas ing  weight loss i n  t h e  r e a c t o r  up 
t o  about 85-90%. For h igher  weight l o s s e s ,  r e a c t i v i t i e s  a r e  low and approximately 
constant  a t  < 0.1 m g / m p  h. 
a c t i v e  s i t e s ,  whereas a cons tan t  r e a c t i v i t y  may i n d i c a t e  a constant  a c t i v e  s i t e  
concentrat ion o r  c o n t r o l  of t h e  reac t ion  r a t e  by oxygen d i f fus ion  t o  t h e  a c t i v e  
sur face  a r e a  though a n  a s h  b a r r i e r  formed from the mineral  matter i n  the  coal. 

A decreasing r e a c t i v i t y  i n d i c a t e s  a l o s s  of  carbon 

Maximum char  r e a c t i v i t i e s  a t  50, 75 and 90% weight l o s s  and the t i m e  required 
t o  reach each l e v e l  of  weight l o s s  f o r  the var ious ly  t rea ted  l i g n i t e s  are given i n  
Table  3. Note t h a t  50% weight l o s s  exceeds the l e v e l  reached by pyro lys i s  in N 
For res idence times less than 0.10-0.13 s,  r e a c t i v i t i e s  a t  each l eve l  of weight 
loss decrease in t he  o r d e r  Ca > Raw > Mg > acid-washed. This is i n  pccordance with 
the order  predicted by c a t a l y s i s  of t he  C-O2 reac t ion .  For res idence times g r e a t e r  
than 0.10-0.13 s ,  r e a c t i v i t i e s  a r e  low and approximately the same. This implies  an 
absence of s i g n i f i c a n t  c a t a l y s i s ,  possibly due t o  temperature induced s i n t e r i n g  of 
t he  metals. I g n i t i o n  of  the p a r t i c l e s  with a n  a t tendant  temperature increase  
occurs  within t h i s  t i m e  range. 

2' 

The s i g n i f i c a n c e  i n  r e l a t i n g  TGA r e a c t i v i t y  d a t a  t o  weight l o s s  in t he  
entrained f low reac tor  is seen by comparing t h e  d a t a  in Table 3 f o r  t h e  c a t i o n  
containing samples. A f t e r  a weight loss of SO%, r e a c t i v i t i e s  decrease in the order  
Ca > Raw > Mg while the  a d d i t i o n a l  t i m e  required t o  reach  90% weight l o s s  in the  
entrained flow r e a c t o r  i n c r e a s e s  i n  t h e  order  Ca < Raw < Mg. In t h i s  region of the 
weight l o s s  curve where heteogeneous char  combustion is occurr ing,  c a t a l y s i s  of the 
C-02 rezc t ion  may be important implying t h a t  chemical r e a c t i v i t y  c o n t r o l s  the 
weight loss r a t e .  Although d i f f e r e n t  condi t ions p r e v a i l ,  TGA da ta  may give a 
q u a l i t a t i v e  i n d i c a t i o n  of  behavior i n  t h i s  region. 
the da ta  f o r  the ac id  washed l i g n i t e  in t h i s  manner, however. Work is cont inuing 
t o  explain t h i s  apparent  anamoly. 

I t  is d i f f i c u l t  t o  i n t e r p r e t  

For res idence times g r e a t e r  than 0.13 s i n  t he  en t ra ined  low r e a c t o r ,  which 
correspond t o  weight losses i n  ex e s s  05 85-90%, weight l o s s  r a t e s  are low and 
approximately constant  a t  3.8x10-' g/cm s (expressed per u n i t  e x t e r n a l  sur face  
a rea ) .  
t he  weight loss curve. 
physical  r a t e  c o n t r o l  of  the reac t ion  mechanism (9). The TGA r e a c t i v i t y  d a t a  can 
now be used t o  help determine the reac t ion  Zone. 

There is no apparent  e f f e c t  of the presence of ca t ions  in t h i s  region of 
It h a s  been suggested previously t h a t  t h i s  may i n d i c a t e  

TG9 r e a c f i v i t i e s  a t  533 K f o r  these  chars  were approximately constant  a t  
6 ~ 1 x 1 0  
temperature of 1173 K using the  Zone I1 Activat ion Energy e f  2L.72kcal/mole as 
determined by Young ( 1 2 ) ,  produces a r e a c t i v i t y  of 4 .4~10-  

g/cm S.  Extrapola t ing  these  d a t a  t o  the  entrained-flow r e a c t o r  operat ing 

gmfcm s .  This is 
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3 
2 s imi l a r  t o  the experimentally measured r e a c t i v i t y  of 3.8~10-~ glcm s, and is 

considerably l e s s  than the  value ca lcu la ted  f o r  Zone I11 con t ro l ,  7.7~10-~ g/cm s. 

Arrhenius parameters a r e  cu r ren t ly  being generated i n  the TGA f o r  the C-O2 
reac t ions  appropr ia te . for  the cu r ren t  chars. This will e l imina te  the need t o  use 
Arrhenius parameters generated by others.  However, i f  rho d a t a  of Young a r e  
appropr ia te  f o r  use in t h i s  s i t u a t i o n ,  the impl ica t ion  is t ha t  the  same reac t ion  
zone does not e x i s t  in the  TGA and en t ra ined  flow reac to r ,  the  former being Zone I ,  
and the l a t t e r  Zone 11. 

summory 

TGA r e a c t i v i t y  da t a  of p a r t i a l l y  combusted chars  have been used t o  e luc ida te  
the  char burnout s t age  of pulverized coal combustion. The absence of a s ign i f i can t  
e f f e c t  of ca t ions  on char r e a c t i v i t y  a t  high l e v e l s  of burnoff implies the  absence 
of ca t a lys i s  of the  C-0 reac t ion .  This w a s  ascr ibed  t o  s i n t e r i n g  of the metal 
ca t ions  following ignitzon. The char p a r t i c l e s  then bum out slowly under Zone 11 
cont ro l ,  the chars  having r e l a t i v e l y  low inherent  r e a c t i v i t i e s .  
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Table 3 
TIME TO REACH AND MAXIMUM CHAR REACTIVITIES AT VARIOUS LEVELS OF 

WEIGHT LOSS IN ENTRAINED FLOW REACTOR AT 1173 K 
Weight Loss in  Entrained 

Flow Reactor at 1173 K 
Moximum Chor Reoctivity, mg/mg h (dol) 

(Time to reach weight loss, ms) 

Co-loaded Row Mg-looded Acid-woshed - - -  
50 2.1 0.8 0.6 0.4 

. (80) (65) (90) (50) 

75 1 .2 0.7 0.4 0.3 
(95)  (85) (125) (70) 

90 (0.1 co.1 a . 1  0.1 
(110) (145) (290) (1 40) 



0 0.06 0.12 0.18 0.24 0.30 

Figure 1. WEIGHT LOSS RATE IN AIR AND N2 FOR RAW (0,m) 
Residence Time, s 

AND ACID-WASHED (O,.) LIGNITE If4 ENTRAINED 
FLOW REACTOR AT 1173 K 
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Abstract  

O2 i s  known t o  be much more r e a c t i v e  then C02 toward carbon. We 
have separated and s tud ied  w i t h  sur face spectroscopies the  d i s s o c i a t i v e  
adsorpt ion s tep from t h e  CO format ion step i n  the O2 and C02 g a s i f i c a t i o n  o f  
g lassy carbon. The r e a c t i v e  adsorpt ion p r o b a b i l i t i e s  decreased w i th  increased 
coverage. A t  h igh  coverage the der ived a c t i v a t i o n  energy f o r  O2 d i s s o c i a t i o n  
was 33 kcal/mole and 50-60 kcal/mole f o r  C02. The CO formation 
creased from 90 kcal /mole a t  very low coverage t o  70 kcal/mole a t  h igh 
coverages. The steady s t a t e  oxygen coverage dur ing C02 g a s i f i c a t i o n  corres- 
ponded t o  these high coverages w i t h  a measured a c t i v a t i o n  energy o f  67 
kcal/mole. CO fo rma t ion  energet ics  l i m i t  t he  r a t e  o f  C02 g a s i f i c a t i o n .  The 
increased g a s i f i c a t i o n  a c t i v i t y  f o r  02 i s  associated w i t h  a more f a c i l e  
gaseous d i s s o c i a t i o n  s tep  causing h ighe r  oxygen coverages which i n  t u r n  
generates lower energy CD format ion s i t e s .  

I .  INTRODUCTION 

energy de- 

It i s  w ide ly  recognized t h a t  O2 has a much h igher  r e a c t i v i t y  than 
a2 toward carbon; t h i s  d i f f e r e n c e  has been k i n e t i c a l l y  q u a n t i f i e d  t o  be l o 5  
g rea te r  a t  800K and 0.1 atm pressure (1). 
di f ference the  responsib le  elementary processes on the carbon surface are n o t  
w e l l  understood. 
of very d i f f i c u l t  reac t i ons  t o  cha rac te r i ze  and quan t i f y .  G a s i f i c a t i o n  reac- 
t i o n s  are s e n s i t i v e  t o  the  t ype  o f  carbon being g a s i f i e d  (2).  A b e t t e r  under- ' 

standing o f  these systems could be achieved by d e t a i l e d  phys ica l  character iza-  
t i o n  of the ex te rna l  su r face  o f  a g iven carbon coupled t o  adsorpt ion and 
r e a c t i v i t y  s tud ies  o f  t he  reac tan t  gases (2 -4) .  The app l i ca t i on  o f  sur face 
s e n s i t i v e  probes t o  t h i s  area i s  an essen t ia l  component t o  approach t h e  
problem. These r e s u l t s  are used t o  i n t e r p r e t  observations o f  steady s t a t e  
r e a c t i v i t y .  

Despi te  t h i s  l a r g e  r e a c t i v i t y  

Ox ida t i on  and g a s i f i c a t i o n  react ions o f  carbon are a c lass  

11. EXPERIMENTAL 

Experiments were performed i n  an ultra-high-vacuum spectroscopy 
chamber w i t h  a base pressure lower than 2 x 10-l' Torr .  Auger e l e c t r o n  
spectroscopy (AES) was performed w i th  a double-pass c y l i n d r i c a l  m i r r o r  
analyzer us ing a 2.2 keV primary beam energy and 2V peak t o  peak vo l tage 
rnodul a t  i on. 
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The amount o f  oxygen was determined us ing AES. The o v e r a l l  ampl i -  
tude o f  t h e  dN(E)/dE oxygen (510 eV) t o  carbon (272 eV) was taken as the 
measure o f  oxygen sur face concentrat ion.  A l i n e a r  absolute coverage scale 
which corresponds t o  the AES O / C  r a t i o s  was p rev ious l y  est imated and used i n  
other  s tud ies on carbon surfaces (5-7). 
carbon atom eoxy en = e = 1 gives a AES O/C value o f  0.25. We w i l l  s e l f  
cons i s ten t l y  appqy t h i s  same coverage scale throughout the course o f  t h i s  
study. 

Atomergic Chemetals and were outgassed a t  130OOC i n  UW p r i o r  t o  use. The 
presence o f  small amounts o f  very s t rong ly  bound oxygen could be reduced 
f u r t h e r  by heat ing t o  h igher  temperatures, but  t h i s  d i d  not s i g n i f i c a n t l y  
e f fect  t h e  C02 and O2 chemistry a t  high oxygen coverages. 
the cha rac te r i za t i on  o f  the glassy carbon subst rates can be found elsewhere 
(6). This procedure removed oxygen which was the p r i n c i p a l  contaminant 
measured by AES. The i n i t i a l  AES carbon t o  oxygen r a t i o  was near 0.01. This 
represents a small amount o f  very s t rong ly  bound'oxygen. 

A coverage o f  one oxygen per  sur face 

The glassy carbon samples were cu t  from p la tes  obta ined from 

Fur ther  d e t a i l s  o f  

111. RESULTS 

We have character ized the  glassy carbon sur face us ing u l t r a v i o l e t  
photoemission spectroscopy f o l l o w i n g  oxygen uptake from O2 and C02 a t  300OC. 
Previous UPS studies o f  a tomica l l y  clean glassy carbon surfaces show enhanced 
e lec t ron  emission near the  Fermi l e v e l  (6) .  This i s  associated w i th  the 
presence o f  unsaturated sur face carbon valences, "dangl ing bonds". These 
l e v e l s  are removed upon chemical ly bonding t o  oxygen. Emission w i t h i n  3 eV o f  
t h e  Fermi l eve l  decreases on glassy carbon as these l e v e l s  become involved i n  
bonding t o  oxygen (6) .  The emission from oxygen 2p l e v e l s  was found between 
-4 and -11 eV f o l l o w i n g  exposure t o  e i t h e r  0 o r  C02. 
i d e n t i f i e d  w i t h  molecular ly  adsorbed 02 o r  C62 were absent. The s i m i l a r i t y  
between 02 and C02 suggest t h a t  t h e  d i s s o c i a t i o n  o f  CO? g ives r i s e  t o  sur face 
oxygen and gaseous CO at  300OC. 
C02 d i s s o c i a t i o n  predominates under our cond i t i ons  i n  these adsorpt ion 
systems. 
based on thermal desorpt ion and isotope l a b e l i n g  s tud ies (8). 

O ( 1 s )  XPS s ignals  f o l l o w i n g  300'C ox ida t i on  by O2 and cD2 showed a peak a t  532 
eV b ind ing  energy. The carbon (1s) peak f o r  clean glassy carbon occurred a t  
284.2 eV. Fol lowing oxygen uptake from e i t h e r  O2 o r  C02. t h e r e  was a s l i g h t  
increase i n  emission at  lower b ind ing  energies. The carbon (1s) peak d id  not, 
however, possess a 288.5 eV b ind ing  energy component which i s  associated w i t h  
carbon coordinated t o  m u l t i p l e  oxygen atoms as i n  a ca rboxy l i c  f u n c t i o n a l i t y  
(9-12). These r e s u l t s  a l so  i n d i c a t e  t h a t  s i m i l a r  oxygen f u n c t i o n a l i t i e s  were 
produced by CO2 and O2 a t  3OO0C, and these are l i k e l y  t o  be surface carbon 
atoms coordinated t o  one oxygen. 

Features which could be 

UPS thus gives us an i n d i c a t i o n  t h a t  O2 and 

This agrees w i t h  the conclusion reached f o r  O2 adsorpt ion on graphon 

XPS was a l so  used t o  cha rac te r i ze  the ox id ized carbon surface. The 

287 



We have measured the  increase i n  the  oxygen AES s igna l  f o l l ow ing  C02 
We used a maximum temperature o f  3OOOC i n  order t o  and r+ exposures a t  30OoC. 

achieve high oxygen sur face  coverages but also t o  l i m i t  compl icat ions i n t r o -  
duced by i n  s i t u  g a s i f i c a t i o n  o f  carbon (13). 
generated fran O2 and C02 corresponded t o  Bo= 0.85 and 0.45 respec t ive ly .  
adsorpt ion processes were placed i n  q u a n t i t a t i v e  terms. 
reac t i ve  adsorpt ion as a f u n c t i o n  o f  t he  amount o f  oxygen already present was 
obtained from t h e  incremental changes o f  oxygen coverage w i th  the  i n t e r v a l  of 
exposure t o  e i t h e r  CU2 or  O2 a t  300OC. 
inc reas ing  i n t e r v a l s  o f  one decade o f  exposure. F igure  1 shows these r e s u l t s  
on glassy carbon as a func t i on  o f  oxgyen coverage. The adsorpt ion process i s  
charac ter ized  by r e l a t i v e l y  rap id  i n i t i a l  uptake on t h e  order o f  e f f i c i e n c y  
f o r  both gases up t o  approximately eo = 0.1 oxygen coverage. 
coverage, there  i s  a rap id  decrease t o  10-l'. 
increase the  oxygen covera e 
coverage from 10-l' t o  10-q2'from e = 0.25 t o  eo = 0.85. A t  h igher  coverages 
t h e  behavior o f  O2 and C02 begin t o  depart. 
oxygen which cou ld  be deposi ted under these cond i t ions .  
c o e f f i c i e n t  f o r  C02 was more r a p i d  w i th  coverage and decreased t o  below 
near ha1 f monolayer coverage. 
f o r  C02 at  h igher  coverages, bu t  we were unable t o  measure slower processes. 

bon fo l l ow ing  O2 and CO2 ox ida t i on  a t  300'C. 
oxygen concent ra t ion  remains near ly  constant up t o  6OO0C i n  both cases. 
Between 600 - 7OO0C,  t h e  surface oxygen coverage begins t o  decrease f o r  the  O 2  
ox id ized  surface, y e t  f o r  C02 t h e  coverage s t i l l  remains almost constant. 
Above 6OOOC CO was the  dominant desorpt ion product. Above 8OOOC there  were 
s i m i l a r  reduct ions i n  oxygen coverage i n  both cases. CO evolves from the  
surface over a very wide range o f  temperature. 

oxygen coverage w i t h  t i m e  dur ing  heat ing i n  UHV by assuming f i r s t  order 
k i n e t i c s  and a frequency f a c t o r  o f  This formal ism provides a framework 
t o  est imate the  desorp t ion  energy. The r e s u l t s  are shown i n  F igure  3. They 
a re  p l o t t e d  as a f u n c t i o n  o f  oxygen coverage based on t h e  comnon AES coverage 
scale as prev ious ly  de f ined.  The oxygen coverage dependency o f  the  format ion 
energy i s  s i m i l a r  f o r  t h e  surface oxgyen der ived  from O2 and CO 
A t  l o w  oxygen coverages, Bo = 0.25, t he  energy decreases from 65 t o  80 
kcal /mole.  The fo rmat ion  energy exh ib i t ed  much smal l e r  changes w i t h  coverage 
a t  the higher coverages. 0 adsorpt ion produced higher oxygen coverages. The 
energy ranged between 80 - $0 kcal/mole between eo = 0.25 t o  0.85. C02 
coverage was l i m i t e d  t o  eo = 0.4 but between eo = 0.25 , and 0.4 the  energies 
were s i m i l a r  as w i t h  02. The CO format ion energy decreases w i t h  inc reas ing  
oxygen coverage. 

The maximum oxygen coverages 
The 

The e f f i c i e n c y  o f  

The e f f i c i e n c i e s  were ca l cu la ted  f o r  

Above t h i s  
Fur ther  exposure t o  02 w i l l  

The adsorpt ion c o e f f i c i e n t  dec l ines  w i t h  

0 COq was l i m i t e d  i n  the  amount of 
The d e c l i n e  i n  the  

Presumably, t he  c o e f f i c i e n t  dec l ines  f u r t h e r  

The AES oxygen thermal s t a b i l i t y  p r o f i l e  was measured on glassy car -  
Fioure 2 shows t h a t  the surface 

The CO fo rmat ion  energies were determined from the  r a t e  o f  change o f  

adsorption. 
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I V .  DISCUSSION 

The adsorpt ion o f  Oz, and c02 on glassy carbon surfaces were 
examined using AES. 
prev ious ly  outgassed i n  UHV a t  elevated temperature and character ized w i t h  
surface sens i t i ve  techniques. I n  t h i s  way we were able t o  d i r e c t l y  compare 
two gases which have w ide ly  d i f f e r e n t  g a s i f i c a t i o n  a c t i v i t i e s .  

There have been few adsorpt ion s tud ies on wel l -character ized,  c lean 
carbon surfaces. O r i g i n a l  s tud ies o f  oxygen adsorpt ion on clean “pa rac rys ta l -  
l i n e ”  carbon (15) and sputter-damaged g raph i te  surfaces (16) have shown com- 
p lex  adsorpt ion behavior. The r a t e  o f  uptake was cha rac te r i zed  by coverage 
regions having a l i n e a r  dependence w i t h  the  l o g  o f  exposure. This was i n t e r -  
preted as evidence f o r  many d i s c r e t e  types o f  adsorpt ion s i t e s .  It i s  be- 
l i e v e d  tha t  d i f f e r e n t  oxygen adsorption s i t e s  e x i s t  on carbons w i t h  d i f f e r e n t  
thermal s t a b i l i t i e s  (2). Unfor tunate ly  these e a r l y  s tud ies  d i d  not  r e l a t e  
adsorpt ion t o  subsequent r e a c t i v i t y .  A more recent study o f  O2 on the edge 
surface o f  g raph i te  has shown a s t rong oxygen coverage dependence on the  
reac t i ve  adsorption e f f i c i e n c y  (7) s i m i l a r  t o  these o r i g i n a l  s tud ies even 
though the edge sur face o f  g raph i te  has a l i m i t e d  amount o f  s i t e  heterogeni ty  
(14). 
energet ics  o f  product formation. The values t h a t  were obta ined on t h e  edge 
graphi te  surface were dependent on the oxygen coverage (10). 
s t a b i l i t y  o f  oxygen on carbon f o r  a given s i t e  i s  then s e n s i t i v e  t o  t h e  amount 
o f  nearby oxygen a l ready present. I n  t h i s  study we have compared the ra te  o f  
oxygen uptake from O2 and C02 a t  3OOOC on glassy carbon and have measured the  
thermal s t a b i l i t i e s  o f  the r e s u l t a n t  ox id ized surfaces. 

The study was r e s t r i c t e d  t o  carbon surfaces t h a t  had been 

Corro la ted thermal s t a b i l i t y  s tud ies o f  oxygen enabled estimates. o f  t he  

The thermal 

The maximum oxygen uptake from O2 a t  300°C on g lassy carbon repre- 
sented adsorpt ion over a m a j o r i t y  o f  the surface. A h igh  absolute oxygen 
coverage was achieved. 
edge surface of g raph i te  3OOOC (7) as on the  glassy carbon samples. The 
s i m i l a r i t y  o f  the h igh  coverage oxygen chemisorption r e s u l t s  on t h e  edge 
surface o f  g raph i te  and glassy carbon i s  an i n d i c a t i o n  t h a t  the s i t e s  on the  
l e s s  ordered carbon sur face are a c t u a l l y  chemical ly  very  c lose  t o  those on t h e  
edge g raph i te  surface. Although phys i ca l l y  these surfaces are very d i f f e r e n t ,  
m ic roscop ica l l y  t h e i r  behavior i s  much the  same. 

cond i t i ons  the  absolute oxygen coverage reached near l y  a monolayer us ing O2 a t  
300OC. Exposure t o  C02 under the same cond i t i ons  resu l ted  i n  oxygen uptake 
on ly  t o  one h a l f  monolayer coverage. Herein l i e s  a s i g n i f i c a n t  d i f f e r e n c e  
between Oz and CO2 r e a c t i v e  chemisorption a t  300°C. 
small number o f  very a c t i v e  s i t es ,  t he  adsorpt ion e f f i c i e n c y  o f  c02 and O2 i s  
approximately IO-”. 
coverages. The e f f i c i e n c y  drops t o  
oxygen coverage can be achieved. The adsorpt ion e f f i c i e n c y  must drop many 
more orders o f  magnitude f o r  C02 a t  h igher  oxygen coverage. 

We observed a s i m i l a r  pa t te rn  o f  oxygen uptake on the  

Di f ferences e x i s t  between O2 and C02 uptake a t  300’C. Under our  

A f t e r  sa tu ra t i on  o f  t he  

02 i s  able t o  sus ta in  t h i s  e f f i c i e n c y  t o  h igh  
f o r  CD2 before a h a l f  monolayer 
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The thermal s t a b i l i t y  s tud ies  i n  UHV f o r  the  resu l tan t  3OO0C o x i -  
d ized surfaces y i e l d e d  est imates f o r  t h e  energet ics  o f  product format ion.  The 
energet ics a re  r e l a t e d  t o  the  absolute oxygen surface coverage. The energies 
are  s i m i l a r  a t  cons tan t  absolute oxygen coverage f o r  oxygen generated from 
e i t h e r  O2 o r  C02. 
f r o m  75 kcal/mole a t  e = 0.4 t o  95 kcal/mole a t  eo= 0.05 coverage. 
condi t ions,  O2 i s  capagle o f  generat ing higher oxygen coverages, and the  CO 
fo rmat ion  energy decreases t o  70 kcal /mole a t  t h e  h ighes t  coverage. 

l a r g e  heats o f  adsorp t ion  and low adsorp t ion  e f f i c i e n c i e s  (10-l' imply 
a subs tan t ia l  energy b a r r i e r  f o r  adsorpt ion.  We can est imate the  b a r r i e r s  f o r  
adsorp t ion  f o r  C02 and O2 a t  several  oxygen coverages by assuming a Boltzman 
energy d i s t r i b u t i o n  and the  temperature o f  the  gas equal t o  the surface 
temperature. 
for  O2 and CO r e s p e c t i v e l y .  A t  eo = 0.4 we f i n d  t h a t  the  b a r r i e r  increases 
t o  25 kcal/mofe f o r  02 and 35 kcal/mole f o r  C02. 
increases t o  33 kcal /mole f o r  02. The value f o r  C02 must be s u b s t a n t i a l l y  
g rea ter  a t  t h i s  h igh  oxygen coverage. Estimates based on adsorp t ion  
e f f i c i e n c i e s  a t  h igher  surface temperatures o f  C02 exposure as we l l  as ex t ra -  
po la t i on  o f  t he  e f f i c i e n c i e s  a t  3OOOC t o  Bo = 0.9 y i e l d  b a r r i e r s  i n  the  range 
of 50 - 60 kcal/mole. Marsh has used an energy-react ion coordinate diagram t o  
help i l l u s t r a t e  t h e  k i n e t i c s  o f  adsorpt ion and CO format ion (2). We have been 
able t o  quant i f y  p a r t s  o f  t h i s  diagram which we j u s t  descr ibed and are a lso  

The energies increase w i t h  decreasing oxygen coverage going 
Under our 

The adsorbed oxygen species are  s t rong ly  bound. The observat ion of 

A t  Oo = 0.1 t h i s  y i e l d s  a b a r r i e r  he igh t  o f  13 and 15 kcal/mole 

A t  Oo = 0.9 the  value 

i l l u s t r a t e d  i n  F igure  5 f o r  the  reac t ion  o f  g lassy carbon w i th  c02 and O2 t o  
form co. 

Higher oxygen concent ra t ions  can be developed (13) by o x i d a t i o n  o f  
carbon w i t h  O2 above 4OOOC but t h i s  leads t o  i n  s i t u  g a s i f i c a t i o n  and compli- 
cates t h e  react ion-energy coord ina te  diagram. We have observed CO and C02 as 
gaseous products d u r i n g  thermal desorpt ion o f  g lassy carbon ox id ized  above 
4OOOC i n  02. Some 
carboxy l i c  groups may be produced by O2 a t  very high oxygen coverages. 
Studies (17) o f  n i t r i c  ac id  ox id ized  glassy carbon i n d i c a t e  t h a t  C02 can be 
produced from decomposition o f  c a r b o x y l i c  oxygen f u n c t i o n a l i t i e s .  The decom- 
p o s i t i o n  o f  sur face  c a r b o x y l i c  groups t o  form C02 w i l l  compl icate t h e  02 
reac t ion  w i t h  carbon. Another poss ib le  rou te  a t  h igh oxygen coverages i s  t he  
format ion o f  CO w i t h  consecut ive ox ida t i on  by surface oxygen t o  COP. Indica- 
t i ons  are  t h a t  fo rmat ion  energy f o r  CO dec l ines  f u r t h e r  below 70 kcal /mole a t  
very h igh  oxygen coverages (7) but  C02 e v e n t u a l l y  becomes a compet i t i ve  reac- 
t i o n  route.  We have minimized the  compl icat ions o f  COP format ion from O2 
ox ida t i on  i n  our s t u d i e s  by l i m i t i n g  the  concent ra t ion  o f  surface oxygen. 

A c t i v a t i o n  energy f o r  t he  O2 adsorp t ion  step has been est imated a t  
h igher temperatures and presumably h igher  coverages and tends t o  h igher  
values. Lussow e t  a l .  (13) repo r t  an a c t i v a t i o n  energy o f  29 kcal /mole fo r  02 
adsorp t ion  between 45OoC and 675OC. In carbon g a s i f i c a t i o n  s t u  
near 38 kcal /mole has been repor ted  f o r  t he  O2 adsorp t ion  step. 

There a re  several  poss ib le  o r i g i n s  f o r  c02 product ion.  
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r e s u l t s  a t  lower coverages show t h a t  t he  b a r r i e r  f o r  adsorption i s  greater  f o r  
C02 than f o r  O2 a t  a g iven oxygen sur face coverage and t h a t  t he  b a r r i e r  i n -  
creases f o r  both gases as the  oxygen coverage increases. The values repor ted 
f o r  02 a t  high temperatures are o f  the same order t h a t  we f i n d  a t  h igh  oxygen 
coverages i n  our studies. 

The d i f f e rences  i n  adsorpt ion behavior o f  CU2 and 02.af h igh  oxygen 
coverages must be r e l a t e d  t o  the much greater  g a s i f i c a t i o n  a c t i v i t y  f o r  02. 
Our data suggest t h a t  C02 and O2 produce s i m i l a r  k inds o f  adsorbed oxygen 
species a t  low and medim coverages. This i s  most l i k e l y  carbonyl type oxygen 
f u n c t i o n a l i t y ,  carbon which i s  coordinated t o  one oxygen. 
t h i s  k ind  o f  oxygen i s  dependent on the  amount a l ready present. 
i n t e r p r e t e d  as oxygen bound t o  one carbon having t h e  a b i l i t y  t o  modify t h e  
energet ics  o f  the i n t e r a c t i o n  o f  ne ighbor ing f r e e  carbon s i t e s  w i t h  oxygen and 
C02. 
02. 
oxygen coverage, wh i l e  the  s t a b i l i t y  o f  the adsorbate decreases and gas i f i ca -  
t i o n  t o  CU becomes more f a c i l e .  The observations suggest t ha t  the energy 
b a r r i e r  f o r  oxygen adsorpt ion from 0 2. 
which have lower subsequent CO format ion energet ics .  A t  high oxygen 
coverages, the magnitude o f  t he  adsorpt ion b a r r i e r  increases w h i l e  t h e  ener- 
g e t i c s  o f  gaseous product format ion dec l ines.  
r e a c t i o n  temperature a steady s t a t e  s i t u a t i o n  w i l l  develop. A t  h ighe r  tem- 
peratures the reac t i on  coord inate energy diagram i s  thought t o  be one w i t h  a 
g rea te r  b a r r i e r  f o r  gas d i s s o c i a t i o n  bu t  a lower b a r r i e r  f o r  gaseous forma- 
t i o n .  The k i n e t i c s  o f  C02 g a s i f i c a t i o n  o f  glassy carbon has been measured 
near atmospheric pressure above 650OC. 
ca t ion  was 67 kcal/mole (20). There i s  a correspondence between t h i s  value 
and the CO format ion energet ics  t h a t  we observe a t  h igh  oxygen coverages. 
a d d i t i o n  the oxygen coverages determined by AES f o l l o w i n g  C02 g a s i f i c a t i o n  are 
a l s o  comparable. 
du r ing  C02 g a s i f i c a t i o n  i s  c lose t o  t h a t  found f o r  the highest oxygen 
coverages i n  t h i s  study. On the  other  hand greater  oxygen concentrat ion are 
developed w i t h  02. 
t i o n  condi t ions w i l l  be d i f f e r e n t  and from our  est imates i t  w i l l  be substan- 
t i a l l y  lower f o r  02. 
w i t h  a more f a c i l e  gaseous d i s s o c i a t i o n  s tep a t  h igh oxygen coverages which 
generates lower CO formation energy s i t e s .  

The s t a b i l i t y  of 
Th is  can be 

A t  h igher  coverages, t he re  are pronounced d i f f e rences  between CU2 and 
The adsorption b a r r i e r  f o r  C02 r e l a t i v e  t o  O2 increases w i t h  i nc reas ing  

i s  much lower than f o r  CD2 f o r  s i t e s  

For both C02 and 02 a t  a given 

The a c t i v a t i o n  energy f o r  Cop g a s i f i -  

I n  

These r e s u l t s  imply t h a t  t h e  steady s t a t e  sur face s i t u a t i o n  

The energet ics  o f  C02 and O2 d i ssoc ia t i on  under g a s i f i c a -  

The increased g a s i f i c a t i o n  a c t i v i t y  f o r  02 i s  associated 
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TRANSIENT KINETIC STUDIES OF CHAR REACTIONS: 
WSIFICATION IN STEAM-ARBON RIXTURES 

J.H. b l o .  R. Banspathi. and S.E. Ellison 

Division of Engineering 
B r m n  University 

Providence. R I  02912 

I. NTRODUC TION. 
In our laboratory we hWe bam engaped in  the stuW of the gasification behavior of chars uslng 

a transient kinetic approach. Previous work [ 1,21 concentrated on the development of the 
experimental techniques and carbon dioxide gasification. In the current communication we 
present m e  of our most recent data on the kinetic behavior of char gesifiwtion in  steam-arpon 
mixtures, and in  so Qing attempt to point out sume of the significant advantages of transient 
techniques in studying the r m t i v e  behavior of chars, and in obtaining fundamental data. 

The basis for this approach lies i n  the observation that the transient response of a reaction 
system to a perturbation in  one or more of its state variables exhibits certain characteristics 
which are reflective of the "true" nature of the reaction mechanism under the appropriate 
experimental conditions. In comparison, stmttpstate rate measurements reveal relatively little 
concerning the detaikl sequence of elementary steps that constitutes the "intrinsic" reaction 
mechanism. Thus, transient response data am be used in a qualitative sense to discriminate 
mnong competitive kinetic models. In addition, once an appropriate kinetic model has been 
identified, quantitative analysis of the translent data, uslng multiparameter estimation 
techniques, yields the model parameters. Moreover, the steady-state data, obtained at the end of 
e& transient experiment, are availableas well. The overall result of this approech is a more 
robust model of the reaction system under investipation. 

II. m M E N T &  
A simplified schematic of the transient kinetic apparatus that WBS developed for thecurrent 

experimental applications is  presented in Figure 1. This system consists primarily of: ( I a 
WntinUOuSpes flow. fixed solids, Berty-type gradientless, isuthermal reactor for carrying out 
thereaction under well-mixed conditions; (2) a solenoid/ control valve network for generating 
step function chanpes i n  feed composition; (3) a modulated, supersonic molecular beam mass 
spectrometer for monitoring the transient response of the composition of the gas phase at the 
reactor effluent; and (4) automated data logging and mass programming of the mass 
spectrometer utilizing a PDP 1 1/34-IBM 7406 devicecoupler combination. Additional system 
details and data on system performance establishing the "gradientless" nature of the reactor with 
respect to gas phese mixing and interphase heat and mass transport have been fully documented 
andarewallableelsewhere [3,4]. 

For the steam-argon gasification studies reported on here, an important modification to the 
original apparatus involved the addition of a steam generation system end a condenser/gas-liquid 
separator. The steam generator, which appears in schematic in  Figure 1 , consisted of a stainless 
steel cylindrical reservoir for feed water end a high temperature evaporator. From tho 
reservoir. the liquid water w8s metered into an argon carrier stream. The water fp rate was 
measured with a digital flowmeter (American Flow Systems AQ 300; up to 20 cm /min). T h e  
combined water/argon flow WBS fed to an electric resistance-heated evaporator which produced 
WrJerheated steam at the local thermodynamic conditions. All the upstream lines were heated and 
insulated to prevent steam condensation. 

Various experimental considerations dictated that it was not desirable to attempt to maintain 
steam i n  the vapor phase downstream of the reactor up to the mass Spectrometer sampling point. 
This would have involved heating snd insulating the downstream lines, the adoption of another 
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method of flow rate measurement than the rotameters used i n  our previous studies, and would 
have Created sampling problems due to the high fraction of water vapor expanding through the 
mmpling Orifice and condensing due to adiabatic ml ing .  Instead, therefore, i t was decided to 
remwe the bulk of the water immediately downstream of the reactor. This was acwmplished 
using a specially-developed condenser. Insofar as the transient nature of the experiments is 
CmCerned, the introduction of any volume in the flow circuit of a magnitude comparable to that 
Of the reactor would introduce an undesirable lag time in the system response, which if to0 large 
would tend to obfuscate the lntrinsic transient response of the reactor. In addition, from an 
OPeratiOnal viewpoint it was essential to have whatever time lag that was ultimately introduced 
be invariant with theamount of collected liquid water in the condensate rm ive r .  Of course, this 
m l d  be mmpl ished by continuous removal of condensate; but this approach quickly leads to u 
Complex control problem. Therefore, a simpler alternative apprmh was adopted. A baffle Plate 
was installed at the bottom of the inlet dip tube to the condenser with circumferential slots for 
gas and condensate flow. In this manner, condensate could accumulate in  the lower volume of the 
condenser, but the noncondensable fraction of the gas flow effectively "short-circuits" the 
condenser, immediately flowing to the outlet located in proximity, and thereby minimizing the 
imp& lag time. The effect of the condenser on the system transient response was measured by 
monitoring the exponential rise of an argon signal in  the reactor effluent upon instantaneously 
switching this gas to the reactor feed line. Without the condenser in the flow circuit i t  was 
found, as previously 121, that the intrinsic time delay of the system was about 2 s. The effect o f  
the condenser was the introductlon of an additional additlve lag time of 4 s, thereby making the 
new total system lag time about 6 s, which was found to be invariant with the liquid water level 
in the condensate receiver. This lag t ime proved to be of no practical consequence in the analysis 
of the data. 

III.EXPERlMENTALPROCEDURES. 
The two gas phme product species that were monitored with the molecular beam ma55 

spectrometer during the courst of the transient experiments were CO (m/e=28) and H2 
(m/e=2). Automatic mass programming allowed alternate monitoring of these two species at a 
sampling frequency of about 1 Hz (0.5 Hz each), which was sufficient for the experiments 
conducted. (It is noted that the limiting factor in  the current configuartion i s  not the m s s  
programming, but rather the characteristic time of the lock-in amplifier which was used to  
extract the modulated portion of the signals.) Water, although also present in the sampled 
product gas, wts not monitored, since the m/e= 18 signal simply corresponded to the saturation 
vapor pressure of water at r a m  temperature, the bulk of the water having been removed 
upstream in the condenser. 

Since al l  the species of interest here are also normally present in  the background of theoil 
diffusion-pumped maSS spectrometer vacuum envelope, to a greater or lesser degree, it was 
important to insure that the mass  spectrometer signals corresponded to the instantaneous 
composition of the gas pha-sa at the sampling orifice, and were not being influenced primarily by 
the background. A modulated beam technlque was employed for thls purpose. The w at the 
sampling point was expanded through a 25 flm diameter orifice into the f i rst  st of a 
two-stage, differentially pumped vacuum system. In this stage (maintained ea. IxlO-Ttorr) 
the expansion was cored by a 200 pm diameter, 60° conical skimmer, and admitted into the 
second, mass spectrometer stage (maintained ca. S X ~ O - ~  torr). In this stage the beam was 
mechanically modulated with a 200Hz tuning fork chopper, and then passed through the ion 
source of the quadrupole mas  spectrometer. The signal for each mass peak was then processed 
through a lock-in amplifier which extracted the rms value of the 200 Hz modulated signal only, 
thereby discriminating against the background contribution to the total signal. Mass 
discrimination in  the satnpled flow due to the jet expansion was found to be small [31, most 
probably due to sampling Into the second stage while the beam was st i l l  relatively 
under -expanded. 
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in order to insure that the CO end H2 signals observed with the mass spectrwneter could be 
entirely attributed to the steam-carbon reaction m r r i n g  within the reactor, a series of 
"blank" transient experiments WBS performed using steam-argan mixtures with non-pM.ous 
glass beeds in  the solids basket in lleu of char. Two different reactor space times, I 2  s and 18 s, 
were used. For each space time, experiments were performed at total pressures of 1 .O, 1.3, end 
2.0 MPa, and steam contents by volume of the steam-argon feed mixture of 50 and 70%. The 
char bed temperature in a l l  c~ses WBS about 740 %. No significant trace of either species.was 
observed under these conditions. Thus, it was concluded that the CO and H2 observed during the 
mrsa of the transient gasification experiments originated from the stem-carbon reaction. 

Another experimental wncern related to the gas phase composition involved the water-gas 
shift reaction. This reaction i s  exothermic and thermodynamically fwored under conditions of 
high steam partial pressure in the presence of CO to produce CO2 and H Z  It has been reported 
that this reaction i s  approximately at equilibrium at temperatures of 800% and above in  coal 
gasification systems [SI. However, i t  can be kinetically limited and, therefore, rather slow. 
unless it i s  appreciably catalyzed by impurities in the char. insofar BS the current experiments 
are concerned, its relative importance can be readily essessed by monitoring COP. Although we 
examined the m/e=44 signal during the m u r s  of our scoping studies, no appreciable modulated 
signal was observed. Thus, under the current experimental conditions, the practical effects of 
this reaction seem to be minimal. 

Transient experiments were conducted by first establishing the reactor temperature and 
pressure under a continuous pure argon purge. The flowrates of the pure argon purge and 
steam-argon reactive mixture were matched using the upstreem end dmvnstream control valve 
system (cf. Figure 1) such that the space time of the reactor remained constant 
mndltions upon switching the two flows. (In order to m m p l i s h  this, the measured Iiquld water 
flowrate was converted to equivalent steam flowrate at reactor conditions.) A l l  these operations 
were mmpl ished without exposing the char to the steam-argon mixture by alternate switching 
between the purge and bypass lines. (The pressure drop m o s s  the reector is  negligible in 
comparison to that imp& by the solenoid/mntrot valve system, and thus the open bypass line 
adequately models the reactor flow resistance.) Once the pressure, temperature, and flWr8tB 
were set in the preceding manner, the transient experiment was initiated by activating the 
solenoid valve system to switch between the two flows. Pre-set mas programming and 
automated data logging were initlated simultaneously with the inception of the experiment. 

IV.KINETICMODELING. 
Various models have been proposed for the steam-carbon gwification system (e.g., see 

[6-101). In the current studies, however, the mmplexity of the kinetic model required to 
explain the steam-char reaction was limited by the experimental conditions selected; i.e.. only 
pure shm-argon feeds were used. Furthermore, for reactor space times of 12 to 18 s, the 
Steam conversion never exceeded 10%. In addition, no significant amounts of methane or CO2 
were detected for the pressure and temperature ranges used. Under these conditions, the 
fOllOWing mechanism was found to incorporate the basic features common to most of the models 
in the literature, end WBS found to suitably explain all the current dais: 

C, + H20 <==> C(H20) 
k l  

k- 1 

(R.11 

k2 

k3  
C(0) - - -> CO + cf 

C(H2O) + Cf ---> C(0) + C( H2) jR.21 

iR.31 

2 9% 



iR.41 

This mechanism is  basically that of Curran et al. [ 101, except that reactions [R.21-[R.41 are 
treated as irreversible; the latter two by virtue of the relatively low amounts of CO and H2 
Produced in the reactor. Althouph this Bssumption Seems to be quite gaod a m f o r  CO. it,has 
been noted that under &@-state conditions, H2 significantly inhibits the stmm-char 
reaction, with a resultant multiplicative factor in  the denominator of the 
Langmuir-Hinshelwd s tw-s ta te  specific gasification rate expression of almost an order of 
magnitude greater than that for steam (e.g.. see [6,81). However, under the current transient 
experimental conditions with initially no H2 in the reactor, and eventually very low amounts 
even at pseudo-steady-state, the sensitivity of the transient data to the rate of  the reverse of 
reection (R.41 seamed to be relatively low. Therefore, i t WBS omitted from thecurrent enalysis 
on these grounds. It i s  noted. however. that i t i s  certainly possible to determine this rate 
constant with the current techniques using either pure or high partial pressure H2 feeds. 

All the basic mechanisms represented in  the literature employ a step like reaction [R. 11 (Le., 
steem adsorption); however, there is  e range of treatment on subsequent details and 
rate-limiting steps. For example, Oadsby et ai. [61 assumed e n t i a l l y  instantaneous 
decomposition of the carbon-steam surface complex to  tpsmus CO and H2. Ergun [ 1 11 and 
Strickland-anstable [ 121 suggested this mechanism far H2, but postulated a surface 
carbon-oxygen complex with an appreciable lifetime that eventually decomposes to yield gaseous 
CO. Long and Sykes [71 and B leckwd and McOrory (81 proposed decompmition to dual-site 
hydroxyl and hydrogen atom surface mmplexes simultaneously with steam sdsorption ( Le., fast 
equilibration), followed by irreversible rearrangement to carbon-oxygen and carbon-hydrogen 
surface complexes. These differences are relatively indistinguishable from each other in  the 
current data. Therefore, the combination of reactions [ R . l I  and [R.21 were selected as being 
most generally representative. 

Once the model has been defined, the approach becomes quite similar to other general 
treatments of "lumped" transient kinetic models that have been presented in  the literature 
(e.g.,see[13,14]), andtoour previousC02gasificationwork [ 1,2]. 1heuseofa"gradientless" 
reactor guarantees that the resultant mess balances are always ordinary differential equations 
(i.e., "lumped" parameter systems), although, as i n  the current case, the/ may be nonlinear. 
Baslcally, the transient continuity expressions for the various species involved in  the r a t i o n  
system, incorporating the rate expressions derived from the kinetic mechanism, comprise the 
set of ordinary differential equations which defines the model of the system. 

Formulated in  this fashion, the model employed to analyze our steam gasification data 
consisted of w e n  first order differential equations with a total of six parameters: Cso (the 
"effective" concentration of active sites; g mol/g mol carbon), k l  , k- k2, k3, and k4. The 
resultant system of equations is omitted from the current communication for the sake of brevity. 
Its derivation is relatively straightforward and is  presented in  reference [41. 

V.PBAUiIBESTIMATION. 
The multiparameter estimation algorithm employed in  the analysis of the current data was 

patternedafter a scheme outlined by Luus and Jaakola [ IS]. The Luus-Jaakola (LJ) scheme is a 
direct random search method combined with search space reduction. Besically, the prcctdure is 
as follows. An initial range is selected for each parameter, and a number of different parameter 
sets are then selected on a random basis. For each parameter set the model is solved numerically 
and an unweighted least squares objective function value, B ,  is determined using all the CU and 
H2 partial pressure data Over theentire courseof the transient experiment; Le., 
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i = l  j 
B =  I { ~ ( ~ i , j - ~ * i , j 1 2 } ,  ( 1 )  

where the pi and the pfid are the measured and predicted partial pressures, respectively. 
After an arbitrari ly large number of parameter sets nave been evaluated, a fraction of the "best" 
resultant c~ses (Le., those with the lowest 0 values) are then selected and the parameter ranges 
of these sets are scanned to define new reduced parameter ranges to be used for the next round of 
iteration. The entire procedure is then repeated Until a pre-SpECifled tolerance on. the 
differential change in  theobjective function is met. The essociated parameter set for the "best" 
valueof 0 after the last iteration is taken BS the final optimum parameter set for thedata. 

The LJ method was applied to the steam gasification data on an experimental bnsis, with 
reasonable results, as part of an ongoing investigation on multiparameter regression schemes 
for transient kinetic data analysis [ 161. Previously [ I ,21 we had used a Maruuardt-type search 
scheme employing a Qreen's function method [ 171 for determining the first order gradients 
required for the khnique. As for all such schemes, we found both advanteges and disadvantages 
in  using the LJ scheme. Perhaps its most obvious disadvantsge lies in ik inherent inability to 
converge to the optimum parameter set i f  it is inadvertently not included in the initial range3 of 
all the parameters. If the init ial range is  tm large, the rate of region reduction can be 
drastically slower than i f  the range is  capable of being more narrowly specified. Also, since a 
finite, albeit large, number of parameter sets are examined, there is  alwsys the possibility of 
missing the 'true best' parameter set. Counterbalancing these debits is a potentlally significant 
w ings  in  mputa t ion  time due to the absence of the requirement for evaluating f i rst  order 
gradients and, possibly, higher derivatives. Also, in reducing the parameter search space, the LJ 
method increeses the probability of encountering a nm-optimum parameter set, In comparison 
to totally ranQm search methods. However, t W  arguments notwithstanding, wr axperienca 
with the data considered here, suppts  that a more effective method might involve a hybrid 
scheme wherein an LJ-type algorithm is usedm the "front end" of an optimization procedure for 
reducing the parameter search spaoe, with e more powerful local gradient technique, such m a  
Marquardt scheme, used to actually focus in on the optimum parameter set. Such a scheme is 
currently under consideration. 

Typically, i n  the current application of the LJ  method, the parameter ranges obtainedafter 
1 1 iterations, using a SX we reduction rate, were usedes the initial ranges for the subsequent 
set of iterations. When the "best" value of 0 did not chm@ by more than 5%, the parameter set 
aSsIci8ted with this minimum value of the objective function wes taken to be the optimum set. 
As an approximate average, about 25 overall iterations were sufficient to fit the experimental 
data with a good degree of accuracy. 

VI. R E S U L T S a r Y l w .  
Two types of chars were studied in  the current work: Fisher activated coconut char, and a char 

prepareo from Darw llgnite (PSOC 623) (800% for 2 hr. i n  an Inert atmosphere). Typical 
transient experiment results are presented in Figures 2 and 3. The six model parameters Were 
determined for each transient experiment using the LJ algorithm BS described above. The 
apparent activation energies for each parameter were then determined from Arrhenius plots of 
the Parameter values. The resultant parameter expressions are summarized in Table I. 

From the results in Table I it can be Seen that the apparent activation energies are, on the 
whole, higher for the lignite than for thecmjnut char. N e v e r ,  the activation energies for kl 
are very nearly identical for the two chars, thereby implying that the mechanism for steam 
adsorption on the two chars i s  very similar. As i n  our previous CO2 gasification studies, we 
found that the apparent ectivation energies of the effective ective site concentrations were 
negative. This result, BS previously, is attributed to the diminution of active sites via thermal 
anmling of the char upon heating 1 1,2,9,18,19,201. Moreaver, the & parameter expression 
determined i n  the current steam gasification studies for the m n u t  char is very similar to that 
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determined for the same char from previous C02 gasification studies: viz., %= 1 . 7 ~  1 O-y 
exp(*27000/RT) [ I ,2,31. This result implies that virtually the m e  active carbon sites 
participate in steam and CO2 gasification under the current experimental conditions. This is also 
direct eVidemz that the transient technique can yield gaod estimates of the effective active site 
concentrations of chars under actual gaslficatlon conditions. 

It 1s interesting to note that C, for the lignite char i s  comparable to that of the mnut char, 
even though their total surface areas are quite different ( 1038 m2/g for the m u t  char; end 
24.7 m2/g for the lignite chsr). However, % decresses more rapidly with temperature f~ the 
axxlnutchar than for the lignitechar, asevident from the relative magnitudesof their negetive 
apParent activation energies. This result probably reflects the fact that the mmnut char is 
"older" than the lignite char, rmd , thus, more graphitic in  nature end more susceptible to 
therm81 annealing, and, therefore, exhibits astronger temperature behavior. Also, the fact that 
that disordered regions in char have bcen reported to react more rapidly than ordered regions 
[211, i s  consistent with the comparable &values of the two chars in  spite of the significant 
difference i n  total surfece areas. 

Although values for all the rate constants determined in  the current work are not wailable in  
the literature, comparisons can be ma& wlth steady-state Langmuir-Hinshelwmd expression 
parameter values. Setting al l  the time derivatives equal to zero in the transient model and 
solving for the pseudo-ste&pstate specific gasification rate, W,, yields the following 
expression: 

(2) 

where the correspondene between the new parameters and the rate constants i s  given by: 
(3) 

A cornparison of the parameter values calculated from these expressions with corresponding 
values given in  the literature 8re presented in Table II. As can be seen, the mpar i son  is  fairly 
good. The primary source of the variability observed is  most probably due to differences in the 
Chars. For example, the total surface area of the amnut char used by Blackwood and McOrory 
[ 81 was reported 8s 46.5 m2/g, in  mmpariwn to the 1038 m2/g for the activated mconut char 
used in the current work. 

PseuQ-steeb/-state operation is attained at the end of each transient experiment 
corresponding the "leveling off" of thesignal traces (e.g.,efter CB. 1.2 min). Thesedataan also 
be analyzed i n  the usual steady-state fashion to show that they are consistent with traditional 
Langmuir-Hinshelwood kinetics. The steafy-state expression given by Eq. (2) can be recast into 
the following form: 

(4) 
where the subscript "ss" denotes steab/-state values, P,,, i s  the steady-state CO partial 
pressure determined from the data, q IS the volumetric flowrate at the reactor exit. R Is the 
universal ges constant, and T i s  the effluent pas temperature. Therefore, a plot of the lefthand 
side of Eq. (4)  w i n s t  Pw ,ss should be a straight line. One such plot for the m n u t  char data i s  
presented in Figure 3; the linear behwior is quite e v i h t .  

W, = KIP,/[ 1 t KzP,], m i n - ' ~  

K l=k  1 k2&,:I k- 1 *kp]; K2=k 11 I + k2( 1 /k3 + 1 /kq)l/[k- 1 *k2] 

Pw,&Ws = Pw,,CoRT/qPc,, = 1 /I( 1 + (K2/K 1 )Pw,s, 

VII. CONCLUDlNOREMARKS. 
It has been shown that char gasification in steam-argon mixtures, under the current 

experlmental conditions, i s  reasonably well represented by the transient kinetic model 
presented in this communication. Multiparameter analysis of the resultant transient kinetic data 
yielded separate Arrhenius temperature-dependent expressions for each of the model rate 
&ants, as well as the effective active site concentrations for the two chars examined. 
Although corresponding rate constant expressions ere not availeble for direct comparison, 
related kinetic parameters found in the literature agreed with the appropriate combinations of 
the current rate constant values. 
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The transient kinetic technique has been shown to be a valuable tool for examining char 
reaction mechanisms, and for determining rate parameters for direct use in modeling, design, 
and analysis of new o r  existing gasification and related systems. With automated data handling, 
the technique is capable of quickly and efficiently yielding a large amount of information 
concerning the reactivity and behavior of chars In varlous gaseous environments directly in  a 
single type of experiment. The &antages of this technique over other more commonly accepted 
steah/-state methods are significant. 
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Table I. 

Model parameter values* obtained with the Luus-Jsakola search scheme for steam gasifidion 
of lignite and amnut char. 

Yslues for Dsrco ligfiite chur (PSUC 62.31.- 
C, = 1 . 6 ~ 1 0 - ~  w p ( +  13646/RT), gmol/gmolC 
k l  = 4 . 8 6 ~ 1 0 ~  exp(-42286/RT), min- l  atm-l 
k- 1 = 2 . 6 5 ~ 1 0 ~  exp( -51341 /FIT), min- 
k2  - 9 . 3 2 ~ 1 0 ~  exp(-33840/RT), min- l  
k3  = 4 . 2 1 ~ 1 0 ~  exp(-42075/RT), min- l  
k4  = 5.07x101°exp(-47262/RT), min-I 

Yuhes for Fisher act iveled coconut cher: 
C, = 2.21~10-~exp(+23592/RT), gmol/gmol C 
k l  = 1.41~1O~~exp( -45183/RT) ,  min-I atm-l  
k- l  = 1 . 0 4 ~ 1 0 ~  exp(-35233/RT), min- l  
k2 = 9 . 6 7 ~ 1 0 ~  exp(-19448/RT), min- l  
k3 = 1 . 2 0 ~ 1 0 ~  exp(-25995/RT), min- l  
k4 = 2 . 0 4 ~  1 O6 exp( -25867/RT), min- 

IahlaL 

Comparison of kinetic parameters from different studies with m u t  char. 

3.6 6.1 8.9 
1.1 1.8 2.7 

1.6 7.8 25.0 

0.97 1.61 2.33 

- 0.36 1.25 
0.06 0.09 - 
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POPULATION AND TURNOVER NUMBER OF ACTIVE POTASSIUM SITES 
ON BITUMINOUS COALS DURING GASIFICATION 

C. T. R a t c l i f f e *  

Corporate Research-Science Laboratory  
Exxon Research and Engineering Company 

Route 22 East, Annandale, N.J. 08801 

S. N. Vaughn 

Exxon Research and Engineering Company 
P. 0. Box 4255 

Baytown, Texas 77520 

I n t r o d u c t i o n  
The a c t i v i t y  o f  a l k a l i  metal s a l t s  as c a t a l y s t s  f o r  steam g a s i f i c a t i o n  

on carbon surfaces has been w e l l  The k i n e t i c s  o f  cata lyzed 

g a s i f i c a t i o n  w i t h  potassium s a l t s  on carbon and the  data obtained from 
charac te r i z ing  a1 k a l i  metal t rea ted  carbon i s  cons i s ten t  w i t h  potassium i n  a h i g h l y  

dispersed and i o n i c  ~ t a t e . ( ~ - ~ )  
The r a t e  o f  potassium cata lyzed g a s i f i c a t i o n  on bituminous coals, when 

p l o t t e d  as a f u n c t i o n  o f  carbon conversion, tends t o  decrease a t  h ighe r  carbon 
conversions and can be h i g h l y  v a r i a b l e  depending on t h e  source o f  coal and method o f  
c a t a l y s t  treatment. The mechanism(s) o f  c a t a l y s t  deac t i va t i on  are n o t  we l l  
understood; loss o f  potassium s i t e s  due t o  r e a c t i o n  w i t h  minera l  matter, l i m i t e d  

m o b i l i t y  a f t e r  i n i t i a l  reac t i on ,  detachment from the  coal sur face and co l lapse o f  
pore s t ruc tu re  have a l l  been suggested as A key f a c t o r  i n  developing 

a fundamental understanding o f  t h e  change i n  r a t e  behavior  w i l l  be the a b i l i t y  t o  
accurate ly  count the  popu la t i on  o f  a c t i v e  a l k a l i  s i t e s  du r ing  g a s i f i c a t i o n  as a 
funct ion of carbon conversion. 

We have r e c e n t l y  found t h a t  carbon d i o x i d e  chemisorbs i n  an i r r e v e r s i b l e  
manner on the  surface o f  potassium t r e a t e d  Spherocarb, a h igh  sur face area 

carbon.") The molar  q u a n t i t y  o f  C02 adsorbed on t h i s  sur face a t  300°C, a f t e r  
i n i t i a l  thermal t reatment  a t  850"C, co r re la ted  w i t h  the  l e v e l  o f  potassium loading 

and suggested a f a c i l e  method o f  measuring a l k a l i  d i spe rs ion .  The va lue o f  0.5 t o  
0.6 adsorpt ion s i t e s  per  K20 impregnated on the  sur face a l s o  agreed w i t h  the i n i t i a l  

number Of a c t i v e  s i t e s  measured b y  the  d e r i v i t i z a t i o n  technique.'") 

The purpose o f  t h i s  i n v e s t i g a t i o n  has been t o  e s t a b l i s h  C02 
chemisorption as a t o o l  t o  s e l e c t i v e l y  measure t h e  popu la t i on  o f  a c t i v e  a l k a l i  s i t e s  
on gas i f i ed  coal chars and t o  determine the  s p e c i f i c  a c t i v i t y  o r  turnover  number of 
t h e  a c t i v e  s i t e s  under g a s i f i c a t i o n  condi t ions.  

* CUrrent address: Union O i l  Company o f  C a l i f o r n i a ,  Union Science and Technology 
D i v i s i o n ,  P. 0. Box 76, Brea, C a l i f o r n i a ,  92621. 
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I' 

Experimental 

Samples o f  bituminous coals were obta ined i n  5 g a l l o n  conta iners from t h e  
mines under a n i t r o g e n  atmosphere. The coals are i d e n t i f i e d  by mine and s t a t e  as: 
Monterey No. 1, I l l i n o i s  16, Hawk's Nest, Colorado; Val ley Camp, Utah; Walden, 
Colorado. The samples were sealed i n  an i n e r t  atmosphere fo r  shipment and opened i n  
a c o n t r o l l e d  atmosphere dry  box. Impregnation o f  t he  coals w i t h  aqueous so lu t i ons  
o f  potassium carbonate o r  potassium hydrox ide were performed i n  a c o n t r o l l e d  
atmosphere environment by the  method o f  i n c i p i e n t  wetness. A l k a l i  s a l t s  were 
obta ined commercial ly (reagent grade K2C03, u l t r a  pure KOH,) w i t h  aqueous so lu t i ons  
prepared imnediate ly  before impregnation. A f t e r  impregnation, t h e  samples were 
d r i e d  under i n e r t  atmosphere and s tored i n  sealed g lass vessels. While an apparent 
d ispers ion was observed w i t h  a l l  KOH t r e a t e d  coals, t he  K2CO3 t r e a t e d  coals  requi red 
rewet t ing the  samples, fo l lowed by s t i r r i n g  and d ry ing  t o  ob ta in  an even d i spe rs ion  
o f  K2CO3. 

Adsorption and g a s i f i c a t i o n  s tud ies  were performed w i t h  a M e t t l e r  2000C 
TGA/DSC thermal ana lys i s  u n i t  equipped w i t h  a co r ros i ve  gas head ('1 and a 
DuPont 951 TGA u n i t  w i t h  a pressur ized housing f o r  operat ion up t o  500 p s i g  (F igu re  

The load ing  o f  potassium was i n  the  range of 7-10%. 

11). 

Technique f o r  Adsorption, G a s i f i c a t i o n  

The adsorpt ion p roper t i es  o f  bituminous coal and cata lyzed coal samples 
were measured by means o f  the fo l l ow ing  procedure. A sample of  approximately 80 
m i l l i g rams  was loaded i n t o  a ceramic c r u c i b l e  w i t h  an equiva lent  amount o f  SP-1 
g raph i te  prepared i n  a c r u c i b l e  o f  i d e n t i c a l  c o l o r  and approximately the  same 
mass. The preweighed c r u c i b l e s  were loaded onto t h e  TGA/DSC p l a t f o r m  and outgassed 
a t  ambient temperature by m i l d  evacuation (10-3m) f o r  one h a l f  hour. The sample 
and reference ma te r ia l  were subsequently temperature programmed a t  29.g0/min. t o  
85OOC i n  f l ow ing  helium. A f t e r  heat treatment, samples were cooled t o  the  des i red  
temperature o f  3OOOC f o r  adsorpt ion s tud ies.  While the  sample was mainta ined a t  t he  
se lected isothermal temperature, a measured f l ow  o f  C02 was in t roduced i n t o  the  
hel ium c a r r i e r .  The reac t i ve  gas f low, as measured by the  Tylan f l ow  meter, was 
maintained a t  2cc per  minute w i t h  the c a r r i e r  f l o w  o f  20cc per minute helium; thus a 
p a r t i a l  pressure r a t i o  o f  1 : l O  o f  C02 t o  i n e r t  c a r r i e r  was u t i l i z e d  du r ing  the  
ad so r p  t i on study . 

Adsorpt ion o f  C02 was monitored by weight gain recorded on a s t r i p  
cha r t .  Adsorption was normal ly  rap id  w i t h  a p la teau i n  t o t a l  weight rees tab l i shed  
i n  15-30 minutes. The mixed gas stream was rep laced w i t h  a pure hel ium stream w i t h  
a second pe r iod  o f  10-15 minutes al lowed f o r  any subsequent change i n  weight. The 
t o t a l  adsorbed gas could thus be -d iv ided i n t o  phys ica l  and chemical adsorbed 
f rac t i ons  as the  former was desorbed when the reac t i ve  gas was replaced by hel ium 
and the  l a t t e r  was re ta ined  as a net weight gain. 

A measured f l ow  o f  COP o r  H20 vapor was mixed w i t h  the  He c a r r i e r  gas 
f l ows  and the  temperature o f  the sample was ra i sed  t o  an isothermal  va lue o f  700- 
8OOOC t o  perform p a r t i a l  g a s i f i c a t i o n  o f  the char. A f te r  a steady s t a t e  pe r iod  was 
establ ished,  t he  r a t e  o f  weight l oss  per  u n i t  t ime was obtained. The r e a c t i v e  gas 
f low was subsequently terminated and the above described procedure was repeated f o r  
C02 measurement o f  t h e  a c t i v e  s i t e  density. 
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High pressure measurements were performed on a mod i f i ed  OuPont 9 5 1  TGA 
which had been enclosed i n  a pressur ized housing (F igu re  1) .  A s i m i l a r  procedure 
was used t o  ob ta in  t h e  r a t e  o f  g a s i f i c a t i o n ;  t he  reac t i ve  gas composit ion was 30% 
H20, 7% CO, 13% C02, 15% CH4 and 3 5 %  H2. Operating cond i t i ons  were 5 0 0  ps ig  and 
705OC.  Adsorption measurements w i t h  C 0 2  were obtained a t  300°C,  one atmosphere 
pressure, by the  procedure described above w i t h  a f low of N2 as the i n e r t  c a r r i e r  
gas. 

Resul ts  and Discussion: 

Adsorpt ion o f  C 0 2  was examined on each o f  the neat coals a f t e r  thermal 
treatment t o  85OOC. While phys i so rp t i on  was observed a t  lower temperatures ( 100°C)  
i n  a l l  cases, on l y  Walden and Val ley Camp chars revealed any measureable 
chemisorption a t  300OC.  The thermal desorpt ion p r o f i l e  o f  Walden o r  Val ley Camp 
chars a f t e r  032 adsorpt ion i d e n t i f i e d  CaCO3 format ion from C02 i n t e r a c t i o n  with CaO 
as the source o f  t h e  chemisorption. The quan t i t y  o f  C 0 2  was always an order o f  
magnitude lower than adsorpt ion on a l k a l i  t r e a t e d  chars. A d i sp lay  o f  the quan t i t y  
o f  C02 adsorbed on K2CO3 and KOH t r e a t e d  coals  i s  shown i n  Figures 2 and 3. The 
molar  quan t i t y  o f  C 0 2  adsorbed (measured by TGA) has been normalized w i t h  the molar 
quan t i t y  o f  impregnated potassium s a l t  t o  represent r e l a t i v e  d i spe rs ion  values on 
t h e  o rd ina te  axes. As t h e  chemisorption measurement w i t h  C02 i s  performed a f t e r  
each thermal heat c y c l e  t o  85OoC i n  i n e r t  atmosphere, on ly  a c t i v e  potass iun s i t e s  
which are bonded t o  the  carbon w i l l  chemisorb C02. Any f r e e  potasium oxide, 
hydroxide, o r  bas i c  s a l t  w i l l  i r r e v e r s i b l y  adsorb C02 on the  f i r s t  cyc le  and remain 
as thermal ly  s tab le  K2C03. Thus, t he  e f f i c a c y  o f  the technique ‘ i s  i t s  a b i l i t y  t o  
s e l e c t i v e l y  measure on ly  t h e  a c t i v e  potassium complexes bonded t o  t h e  carbon 
surface, as they regenerate on each thermal heat ing c y c l e  t o  85OOC i n  He. 

The s i m i l a r i t y  o f  the four  bituminous coals i n  t h e i r  number o f  a v a i l a b l e  
a c t i v e  s i t e s  i s  i n  c o n t r a s t  t o  the  h igher  and more constant value o f  K2CO3 
impregnated Spherocarb (800m2/g, mineral f r e e  amorphous carbon) as shown i n  the 
d o t t e d  l i n e  of F igure #2. The low populat ion o f  a c t i v e  s i t e s  on t h e  KOH and K2CO3 
t rea ted  coal chars may represent a l i m i t e d  sur face area, as r e c e n t l y  repor ted by 
Shadman.(”) The lower  i n i t i a l  values on KOH - coals  do not correspond t o  lower 
surface areas w i t h  our  BET measurements, but  do c o r r e l a t e  i n  a p o s i t i v e  manner w i t h  
lower  v o l a t i l e  ma t te r  re lease on i n i t i a l  thermal tereatment. Deposi t ion o f  carbon 
o r  n o n - v o l a t i l e  carbonaceous res idue on the a c t i v e  base s i t e s  may l i m i t  the 
a v a i l a b i l i t y  o f  a l k a l i  a f t e r  i n i t i a l  thermal treatment. F rank l i n ,  Peters and Howard 
have de ta i l ed  the  e f f e c t  o f  mineral mat ter  and espec ia l l y  i n  exchanged a l k a l i  on 
reduci  t he  v o l a t i l e  ma t te r  and tar upon p y r o l y s i s  o f  bituminous and sub-bituminous 

The g rea te r  reduct ion i n  v o l a t i l e  mat ter  w i t h  KOH vs. K2CO3 t rea ted  
coals ,  due t o  the  s t ronger  base, most probably r e s u l t s  i n  a h igher  l o c a l i z e d  coating 
of condensed t a r  on t h e  a c t i v e  a l k a l i  s i t e s .  The temporary “po isoning”  o f  the s i t e s  
t o  C 0 2  adsorpt ion i n  KOH o r  K2CO3 t r e a t e d  chars i s  removed a f t e r  t h e  i n i t i a l  5-10% 
g a s i f i c a t i o n .  

The maximum popu la t i on  o f  s i t e s  i n  the  2 0 - 5 0 %  char conversion range, 
represent ing about 3W d ispe rs ion  o f  K20, i s  on l y  one-half the value obtained w i t h  
Potassium impregnated Spherocarb. I n t e r a c t i o n  o f  t he  bas ic  potassium s a l t s  w i t h  the 
minera l  ma t te r  may w e l l  have consumed a p o r t i o n  o f  t he  impregnated s a l t  (7) i n  
a d d i t i o n  t o  a poss ib le  lower  d i spe rs ion  o f  t h e  s a l t s  on the lower surface area 
chars. The d e c l i n e  i n  t h e  s i t e  populat ion a t  60-90% carbon conversion i nd i ca tes  the 
continued n e u t r a l i z a t i o n  of t he  a l k a l i  w i t h  minera l  mat ter  i n  a d d i t i o n  t o  the 
detachment o f  a l k a l i  from t h e  carbon. 
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When the r a t e  o f  g a s i f i c a t i o n  w i t h  COP i s  corrected f o r  t h e  populat ion o f  
a c t i v e  s i t e s  a t  each l e v e l  o f  char conversion, a s p e c i f i c  a c t i v i t y  o r  t u rnove r  
number can be obtained. The turnover  number f o r  Val ley Camp and Hawk's Nest coal 
(both impregnated w i t h  KOH) as a func t i on  o f  char conversion are shown i n  Figure #4 
f o r  C02 g a s i f i c a t i o n .  The constant value o f  t he  turnover  number f o r  t h e  e n t i r e  

i range of char conversion now establ ishes the dens i t y  o f  a c t i v e  potassium s i t e s  as 
t h e  r a t e  c o n t r o l l i n g  parameter i n  CO2 g a s i f i c a t i o n  o f  these coals. While t h e  
r e s u l t s  i n  Figure #4  c l e a r l y  remove the quan t i t y  o f  carbon i n  the  char as a r a t e  
c o n t r o l l i n g  parameter, t he  change i n  the concentrat ion o r  composit ion o f  t he  vapor 
phase reactant  atmosphere i s  a lso known t o  a f f e c t  cata lyzed g a s i f i c a t i o n .  Samples 
of t he  same impregnated Val ley Camp and Hawk's Nest coals  have been s tud ied  under 
h igh  pressure cond i t i ons  w i t h  a r e a c t i v e  atmosphere t y p i c a l  o f  a f l u i d  bed 
s t e a d c o a l  g a s i f i c a t i o n  environment. The p l o t  o f  turnover  number vs char conversion 
under t h i s  set  o f  reac t i on  condi t ions i s  shown i n  Figure #5. The d i f f e r e n c e  i n  the  
average turnover  number shown f o r  t he  two sets  o f  g a s i f i c a t i o n  cond i t i ons  can be 
a t t r i b u t e d  t o  d i f f e rences  i n  r e a c t i v i t y  o f  the two gas atmospheres. It i s  again 
obvious t h a t  t he  constant turnover  number for potassium over t h e  range o f  char 
conversion confirms the r a t e  c o n t r o l l i n g  nature o f  t he  potassium s i t e  dens i t y  f o r  
coal  gas i f i ca t i on .  

Summary : 

Chemisorption o f  C02 a t  3OOOC provides a s e l e c t i v e  and r a p i d  technique t o  
measure the  a c t i v e  s i t e  dens i t y  o f  a l k a l i  c a t a l y s t s  on coal a t  i n t e r m i t t e n t  per iods 
o f  coal g a s i f i c a t i o n .  With a thermal balance/reactor, t he  s p e c i f i c  a c t i v i t y  per  
c a t a l y s t  s i t e  ( turnover  number) has been measured f o r  cata lyzed g a s i f i c a t i o n  o f  C02 
or steam/product gases w i t h  bituminous coals. The s i t e  dens i t y  o f  potassium on 
carbon as the r a t e  c o n t r o l l i n g  parameter i n  g a s i f i c a t i o n  o f  coal as shown by a 
constant  va lue f o r  t he  turnover  number over the  f u l l  range o f  char conversion. 
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THE KINETICS OF CARBON WIFICATION BY CO2 

H. Freund 

Exxon Research and Engineer ing Company 
Corporate Research - Science Labs 
C l i n t o n  Township, Route 22 East 

Annandale, NJ 08801 

INTRODUCTION 

Considerable work has been done i n  t h e  area o f  c a t a l y t i c  carbon 

And y e t  t he re  i s  s t i l l  considerable unce r ta in t y  about t h e  bas i c  
gas i f i ca t i on (1 -3 )  
area.(4) 
fundamentals. D i f f e r e n t  k i n e t i c  measurements have been repor ted  f o r  
s i m i l a r  systems and d i f f e r e n t  t heo r ies  and mechanisms appear f o r  c a t a l y t i c  
g a s i f i c a t i o n .  

and recen t l y  an e n t i r e  i ssue o f  N w a s  devoted t o  t h i s  

The mechanism f o r  t h e  g a s i f i c a t i o n  o f  uncatalyzed carbon has been 
pos tu la ted  t o  be a s imple two s tep  oxygen exchange mechanism ( 5 )  : 

k. 

k 2-1 
C(0) ----+ co + Cf 

where Cf i s  an a v a i l a b l e  a c t i v e  s i t e ,  and C(0) i s  one which i s  occupied has 
been app l ied  t o  uncatalyzed g a s i f i c a t i o n .  I n  t h i s  paper, i t  w i l l  be 
app l ied  t o  Ca- and K-catalyzed as we l l .  From a k i n e t i c  ana lys i s  the  r a t e  
constant k '  can be determined. k i  i s  t h e  product o f  t h e  a c t i v e  s i t e  
dens i ty  a n i  t he  i n t r i n s i c  decomposition r a t e  constant,  k2. It s t i l l  
remains t o  uncouple t h e  a c t i v e  s i t e  dens i t y  from kh t o  determine k2. 

Such an uncoupl ing can be accomplished by a t r a n s i e n t  k i n e t i c s  
experiment. Other workers have examined t h e  t r a n s i e n t  k i n e t i c s  du r ing  t h e  
establishment o f  steady s t a t e  g a s i f i c a t i o n  cond i t i ons  and have repor ted  kl 
and k2. 
t h i s  present paper, t h e  t r a n s i e n t  k i n e t i c s  a re  s tud ied  as a steady s t a t e  
g a s i f y i n g  system re laxes  when t h e  ox idant  i s  suddenly removed from the  
system. 

(1) i s  d r iven  t o  the r i g h t ,  popu la t i ng  a l l  a v a i l a b l e  s i t e s  and producing 
one 0 molecule f o r  each a c t i v e  s i t e  reacted. A second molecule o f  CU i s  
formed when t h i s  complex decomposes. If t h e  ox idant  were t o  be r a p i d l y  
removed from the  system, reac t i on  (1) would be shut down bu t  t h e  sur face  
complex would decay w i t h  a c h a r a c t e r i s t i c  t ime  constant kp, i f  k-lCCOI were 
n e g l i g i b l e  compared t o  k2. One can es t imate  t h e  magnitude o f  k2 and k-l 
us ing  the  r e s u l t s  o f  Sy and Calo.(C) 
Calo's k and Ergun's (5& equi i b r i u m  constant.  et 1000 K and [CO? = 100 
ppm, k ,iCO] = 9.1 x 10- min- 1 
k-l[COj. A t  s u f f i c i e n t l y  low te!$rkGes t h e  decay t ime cons tan t  i n  t h e  
t r a n s i e n t  experiment w i l l  be l ong  enough t o  be measurable. 

The a c t i v a t i o n  energy f o r  k2 o f  44.8 kcal /mole seems low.(6) I n  

Under steady s t a t e  cond i t ions ,  i n  an atmosphere o f  C02, reac t i on  

k-l can be determined from S and 

1.6 min- . Indeed k2 >> 

If one were 
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mon i to r i ng  CO, one would expect t o  see i d e a l l y  an instantaneous dec l i ne  o f  
t h e  CO t o  one h a l f  o f  i t s  steady s t a t e  l e v e l  fo l lowed by an exponent ia l  
decay o f  CO. 

EXPERIMENTAL 

TGA exper iments were done w i t h  a Dupont model 951 thermogravi-  
me t r i c  analyzer.  CO CO, and A r  were p r e p u r i f i e d  grade and were used 
w i thou t  f u r t h e r  p u r i f i c a t i o n .  
Spherocarb (-60+80 mesh), Supelco's Carbosieve S (-120+140 mesh), g lassy  
carbon obtained from Atomergic Chemetals Corp., and a 1000°C char made from 
I l l i n o i s  #6 coal. Research grade anhydrous K2C$ was used as the  source o f  
potassium and was co-crushed w i t h  the spherocarb t o  make var ious mixtures 
of K$O3 on spherocarb. The Carbosieve was ox id i zed  overn igh t  i n  HNO3 t o  
prepare c a r b o x y l i c  a c i d  s i t e s  on the  carbon. 
t h i s  ma te r ia l  was then ion-exchanged i n  an ammoniated Ca (NO$, so lu t ion .  

For a run, approximately 50 mg o f  sample were loaded i n t o  t h e  
TGA. A l l  samples were f i r s t  heated under argon up t o  a pre-designated tem- 
pera ture  (50°/min up t o  900°C, f o r  non-potassium samples, 20°/min up t o  
8OOOC f o r  potassium samples). 
below these preheat temperatures. 
e f f e c t s  which might occur du r ing  g a s i f i c a t i o n .  
CO i n  C02 was t h e  most common) were prepared us ing  Matheson mass f l ow  
c o n t r o l l e r s  and passed i n t o  t h e  TGA a t  around 300 cc/min a t  a pressure o f  
10 kPag . 
o f  time. Steady s t a t e  s lopes were usua l l y  measured. For t h e  Ca samples, 
genera l l y  t h e  i n i t i a l  r a t e  was taken as the re  was r a t h e r  rap id  c a t a l y s t  
deac t iva t ion .  The r a t e  o f  carbon gas i f i ed ,  R, i s  de f i ned  as l / w  dw/dt 
where w i s  t h e  we igh t  where t h e  slope ( tangent )  was drawn and dw/dt i s  the  
s lope o r  r a t e  o f  we igh t  loss .  
gas i f i ed  per  gram o f  m a t e r i a l  per u n i t  t ime. F igure  1 i s  an Arrhenius p l o t  
f o r  one sample (209b K2C03 on Spherocarb) showing the  e f f e c t  o f  the  CO/C02 
r a t i o .  

The f low r e a c t o r  experiments were done i n  a 1 cm I D  quartz f low 
reac tor  w i t h i n  an open ended v e r t i c a l  furnace. The carbon samples sa t  on a 
qua r t z  f r i t ,  -2011 pore  s ize.  Gas f l ow  was about 1000 cc/min (Ar + CO,) and 
was passed down over t h e  sample. The sample thermocouple passed through a 
0.64 cm OD quar tz  tube  through the  l eng th  o f  t h e  reac to r  and was pos i t ioned 
j u s t  above t h e  fr it. 

passed th rough an 0, scrubber.  ?h is  was a packed bed (4g cm x 1.1 an ID) 
of copper chromite c a t a l y s t  (Harshaw Chem) operated a t  15O-16O0C. The 
Cata lys t  was a c t i v a t e d  by H2 reduct ion.  The bed should reduce o2 below 1 
ppm. CO was monitored us ing  a Thermo E lec t ron  Corpora t ion  Model 48 0 
analyzer.  

800-850"C under f l o w i n g  A r .  

The carbon samples used were Analab's 

To prepare Ca-treated carbon 

G a s i f i c a t i o n  was then genera l l y  done a t  o r  
Th is  was done t o  minimize any py ro l ys i s  

Mix tu res  o f  CO and C02 (10% 

The TGA da ta  were obtained measuring sample weight as a func t i on  

The u n i t s  o f  t h i s  are g/g/min o r  grams o f  C 

I n  order t o  minimize 0 contaminat ion,  both CO and A r  were 

c o p  was monitored w i t h  a Beckman Model 865 i n f r a r e d  analyzer.  

The procedure was t o  charge t h e  reac to r  with sample and heat t o  
This es tab l i shed a common re fe rence cond i t i on  
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f o r  a l l  samples. 
and 10% C02 was added t o  the  gas f low.  
was tu rned o f f  and the  decay i n  (XI monitored as a f u n c t i o n  o f  t ime. The 
observed time constant f o r  a t o  be swept out o f  t h e  s y s t m  was about 5 
sec (10%-90%). 

The temperature was then dropped i n t o  the  range 570-670°C 
When steady s ta te  was reached, a32 

The CO analyzer i ns t rumen ta l  t ime constant was 30 sec 
(0-95%). 

ANALYSIS 

I n  o rder  t o  p roper l y  reduce t h e  TGA data, t he  e f f e c t  o f  t he  
CO/CO2 r a t i o  had t o  be taken i n t o  account. 
k i n e t i c s  and app ly ing  the  steady s t a t e  assumption t o  C(0) i n  reac t i ons  (1) 
and (2)  and assuming t h a t  the  number o f  f r e e  s i t e s  remain constant w i t h  
burn o f f .  the  q loba l  surface r a t e  f o r  CO, a a s i f i c a t i o n  can be shown t o  be 

Using Langmuir-Hinshelwood 

where R i s  the measured r a t e  o f  carbon weight loss,  (C02) and (CO) are  t h e  
gas concentrat ions o f  CO and CO and [ C  3 i s  t he  a c t i v e  s i t e  dens i ty ,  g 
a c t i v e  carbon per g o f  i o t a 1  carbon. 
occupied and hence 
reduces t o  

An a c t i v e  s i t e  i s  e i t h e r  f r e e  o r  
CT= Cf + C(0). Ergun(5) has shown t h a t  Eqn. (3) 

~ ~ [ C T J  
= I+( CO/C02Keq) (4)  

under m i l d  g a s i f i c a t i o n  cond i t i ons  ( low T, low pressure).  I n  Equat ion ( a ) ,  

k g  se cond i t ions .  Eqn. (4)  can be rearranged so t h a t  
i s  t he  equ i l ib rum constant f o r  r e a c t i o n  (1) which i s  e q u i l i b r a t e d  a t  

(5) co 1 (-) = K k2[CTl (F) - Keq co2 eq 
Hence a p l o t  o f  CO/CO2 vs 1 / R  should y i e l q  a s t r a i g h t  l i n e  

w i t h  y -ax is  (CO/CO2) i n t e r c e p t  o f  -Keq and an x -ax is  (K) i n t e r c e p t  o f  l / k p  
CcTl 

The au thor  has app l ied  t h i s  mechanism t o  h i s  data f rom exper i -  
ments on c a t a l y t i c  g a s i f i c a t i o n  by C02 us ing  K and Ca as c a t a l y s t s  as w e l l  
as experiments w i t h  no c a t a l y s t  present.  i s  p l o t t e d  
i n  F igure  2. The curve i n  F igure  2 i s  t h e  pub l ished Ergun(5f'value f o r  Ke 
m u l t i p l i e d  by 2. 
o f  2 depending on which o f  two a lgeb ra i c  expression? he used t o  o b t a i n  
K Using Ke , a va lue  o f  k2[CT] ( z k i )  can then be obtained from eqn 
(8p:  These hage been p l o t t e d  as Ar rhen ius  p l o t s  i n  Figure 3. 

For t h e  f l ow  experiments, two t y p i c a l  CIl t races  are  shown i n  
Figures 4 and 5 f o r  t h e  carbon sample and f o r  t he  Cd impregnated sample. 
Note t h a t  i n  F igure  4 the re  i s  a s u b s t a n t i a l  d i p  which occurs when t h e  C02 
i s  f i r s t  turned o f f .  This phenomenon w i l l  be discussed l a t e r .  Two pieces 
of  informat ion were taken from each p l o t :  
g a s i f i c a t i o n  and the  r a t e  o f  CO decay. 

The C02 da ta  f o r  K 

I n  h i s  paper he mentioned t h a t  Ke can d i f f e r  by a fac to7  

t h e  steady s t a t e  va lue  f o r  c02 
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The steady s t a t e  value of  CO produced can be converted i n t o  the 
r a t e  constant, k h  knowing t h e  t o t a l  molar gas f l o w  and the  carbon load ing  
i n  the bed. From t h e  o v e r a l l  g a s i f i c a t i o n  s to i ch iomet ry  and t h e  molar gas 
f low, the  observed CO concent ra t ion  can be r e l a t e d  t o  the  moles o f  carbon 
be ing  g a s i f i e d  per  u n i t  t ime. Knowing t h e  i n i t i a l  bed weight, kh ( = l / w  
dw/dt) can then be determined. 

I f  the  r a t e  o f  CO decay i s  exponent ia l ,  t h e  decay constant i s  t he  
i n t r i n s i c  r a t e  cons tan t  f o r  the  decomposition o f  t he  surface complex. 
most cases, a t  a g i ven  temperature, a small non-zero CO value was obtained 
i n  the absence o f  C o p .  
l e s s  than 10% o f  t h e  steady s ta te  value. 

an Arrhenius p l o t  i n  F igu re  6. The data s c a t t e r  about the  l i n e s  obtained 
from the TGA work on s i m i l a r  samples. A lso  i nc luded  i n  Figure 6 a re  t h e  
decay constants from t h e  t r a n s i e n t  experiment, i.e. t he  i n t r i n s i c  r a t e  
constant,  kp. 

I n  

Th is  value was subt rac ted  out;  i t  was genera l l y  

The values o f  kb der ived  from t h e  steady s t a t e  data are shown as 

Least square ana lys i s  y i e l d s  an average value o f :  
= 1011.6t2.3 -53700+9400 ,,,in-l- 

2 exP RT 

( u n c e r t a i n t i e s  determined f o r  a 95% conf idence l i m i t ) .  

DISCUSS ION 

work f a l l  q u i t e  c l o s e  t o  t h e  l i n e  determingd by Ergun (see F igure  2 ) .  This 
i s  s t rong ly  suggest ive  t h a t  the  e q u i l i b r i u m  i n  equat ion  (1) i s  a f fec ted  
by the  presence o f  a c a t a l y s t .  Th is  i s  f u r t h e r  cor robora ted  by the  fac t  
t h a t  a f t e r  c o r r e c t i n g  f o r  t h e  CO/CO2 r a t i o  i n  t h e  manner descr ibed, t h e  
f o u r  l i n e s  i n  F igure  1 co l l apse  t o  one l i n e  i n  F igu re  3. Ergun determined 
t h e  a c t i v a t i o n  energy f o r  uncatalyzed C02-carbon g a s i f i c a t i o n  t o  be 59 
kcal/mole. Except f o r  g lassy carbon, i n  t h e  present experiments, l e a s t  
squares analyses on those systems w i t h  a t  l e a s t  seven p o i n t s  show ac t i va -  
t i o n  energies w i t h i n  3.2 kca l  o f  Ergun's value. 
F igu re  3 are p a r a l l e l  t o  one another, t h e  a c t i v a t i o n  energy f o r  reac t i on  
(2) ,  the desorp t ion  o f  CO, i s  independent o f  c a t a l y s t .  
r e a c t i v e  surface i n te rmed ia te  i n  t h e  c a t a l y t i c  cases must decompose as if 
t h e  c a t a l y s t  were no t  present i .e., it must decompose l i k e  r e a c t i v e  
adsorbates i n  uncatalyzed g a s i f i c a t i o n .  Th is  author i n t e r p r e t s  the  
p a r a l l e l  Ar rhen ius  p l o t s  shown i n  Figure 3 f o r  d i f f e r e n t  carbon-ca ta lys t  
combinations t o  mean t h a t  t h e  c a t a l y s t  i s  e f f e c t i v e l y  a c t i n g  s o l e l y  t o  
inc rease the  a c t i v e  s i t e  dens i ty .  

ments of about one h a l f  fo l lowed by an exponent ia l  decay s t rong ly  suggests 
t h a t  the  two step g a s i f i c a t i o n  mechanism i s  indeed c o n t r o l l i n g .  
now determine the  f r a c t i o n  o f  t o t a l  carbons which are "ac t i ve "  ---- 
d i v i d i n g  kh by k2 y i e l d s  t h e  a c t i v e  i t e  dens i ty .  For the  uncatalyzed 
carbon, one ob ta ins  a value, 4.7x10-* a c t i v e  ca rbon / to ta l  C. This ex- 
ceed ing ly  small va lue  i s  q u i t e  unexpected. 
area", t h i s  corresponds t$ about .019% o f  t h e  t o t a l  BET surface area ( t h i s  
was obtained us ing  1000 m /g  as the  BET sur face  area o f  the  carbon and 

The exper imenta l  values f o r  Ke (Eqn. 1) determined i n  t h i s  

Because the  l i n e s  i n  

This means t h a t  t he  

The observa t ion  o f  a decrease i n  a3 i n  t he  t r a n s i e n t  f l ow  exper i -  

One can 

In terms o f  " a c t i v e  sur face  
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8 ~ 1 0 - l ~  cm2 as t h e  area f o r  an a c t i v e  s i t e ( 7 ) ) .  
1/10 t h a t  o f  a c t i v e  surface measured v i a  0 
For high surface area chars, Radovic e t  a1f8) found a c t i v e  sur face  
a rea / to ta l  surface area -10%. These chemisorpt ion techniques measure 
a c t i v e  carbons w i t h  respect t o  0 adsorpt ion.  
0 2  it i s  not the case t h a t  a l l  $he s i t e s  a v a i l a b l e  t o  O2 are  assess ib le  by 
CO (9 ) .  Furthermore no t  a l l  of the a c t i v e  s i t e s  by chemisorp t ion  a re  
aczive i n  g a s i f i c a t i o n  s ince  some represent very a c t i v e  s i t e s  which are  
probably unava i lab le  f o r  reac t i on  because o f  a s t a b l e  carbon-oxygen complex 
wh i l e  o thers  o f  low r e a c t i v i t y  w i l l  form the  carbon-oxygen reac t i on  i n t e r -  
mediate on l y  very s lowly.  

The f a c t  t h a t  a c a t a l y t i c  system y i e l d e d  the  same k2 s t r o n g l y  
supports the  conten t ion  t h a t  Ca (and presumably o the r  a l k a l i n e  e a r t h  as 
we l l  as a l k a l i e s )  ca ta l yze  t h e  system by i nc reas ing  t h e  number o f  s i t e s .  
It does not a f f e c t  k2, t h e  ra te  constant c o n t r o l l i n g  the  removal of carbon 
atoms as Ul from t h e  l a t t i c e .  

Th is  i s  a f a c t o r  l e s s  than 
chemisorpt ion o f  G.raphon(4). 

I n  carbon g a s i f i c a t i o n  by 

The i m p l i c a t i o n  o f  these experiments i s  t h a t  a s imp le  two step 
oxygen exchange mechanism, al though an o v e r s i m p l i f i c a t i o n ,  can s t i l l  be 
used t o  exp la in  C02 g a s i f i c a t i o n .  The data he re in  are se l f - cons i s ten t .  
The steady s ta te  values f o r  k i  s c a t t e r  about ex t rapo la ted  TGA da ta  ob ta ined 
e a r l i e r  f o r  the  same samples. A c t i v a t i o n  energies f o r  k '  a re  - 58-60 
kcal/mole. 
F igure  6) d i f f e r i n g  by a f a c t o r  o f  100 y i e l d  t h e  same f. 
s c a t t e r )  w i t h  an a c t i v a t i o n  energy roughly t h e  same as ti. 

can be compared f o  t h e  value ob ta ined by Sy and 
Calo. A 1000 K they o b i a i n  k2 = 1.6 min- . I n  t h i s  work, a t  1000 K ,  k2 = 
. 7 1  min- , f a i r l y  good agreement f o r  a h igh  temperature r a t e  constant.  
Although the  unce r ta in t y  i n  the  a c t i v a t i o n  energy i s  f a i r l y  l a r g e  (53.7 t 
9.4) and encompasses t h e  value determined by Sy and Calo (44.8), t h i s  
author f e 
kinetics' '", i.e., AE - 59 kcal /mole would be most cons i s ten t  w i t h  t h e  
a v a i l a b l e  data and t h e  2-step oxygen exchange mechanism. 

da ta  presented here. One problem can be seen i n  t h e  Ca p l o t  i n  Figure 5. 
A f t e r  about 60% o f  the  surface complex has decomposed, the  r a t e  o f  CO 
decrease slows down, i.e. more 0) i s  l i b e r a t e d  than expected f o r  an ex- 
ponent ia l  decay. Apparent ly another mechanism f o r  Ul re lezse  becomes 
appreciable;  perhaps as j u s t  mentioned, complexes o f  lower r e a c t i v i t y  begin 
t o  decompose. 

below the  50% value be fore  beginning an exponent ia l  decay. 
po la tes  back t o  t=O, however, i t  appears t o  i n t e r s e c t  a CO va lue  about h a l f  
o f  t he  i n i t i a l  (because o f  the  d i l u t i o n  e f f e c t  o f  t h e  A r ,  t h e  va lue  should 
be 10% l a r g e r  than 1/2). What appears t o  be happening i s  t h e  f o l l o w i n g :  
I n  the case o f  uncatalyzed carbon, CO i n i t i a l l y  produced i s  scavenged by 
some surface species and can no t  escape as CO. Th is  scavenging species 
becomes depleted and CO i s  ab le  t o  escape from the  bed, thus  "resuming" t h e  
exponent ia l  decay. For Ca-catalyzed carbon e i t h e r  t h e  species does not 
exist, o r  t he  e f fec t  i s  swamped by t h e  h igher  l e v e l  o f  CO produced. The 

Two d i f f e r e n t  carbon systems which y i e l d  k '  fc.f. 
( w i t h i n  the  

The value o f  k 

fr 

t h a t  a AE c l o s e r  t o  t h a t  ob ta ined from g a s i f i c a t i o n  

There s t i l l  remain quest ions regard ing  the  i n t e r p r e t a t i o n  o f  t h e  

I n  Figure 4, a f t e r  a)2 I s  tu rned o f f ,  t h e  Ul s igna l  d i p s  w e l l  
I f  one ex t ra -  
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observa t ion  o f  such a l a r g e  d i p  suggests more compl icated chemistry than a 
simple two-step oxygen exchange mechanism. 

Other carbon systems a l so  suggest more compl icated chemistry. A 
d i f f e r e n t  Ca-catalyzed carbon (Ca-impregnated spherocarb) gave e n t i  r e l y  
d i f f e r e n t  r e s u l t s :  on CU2 removal ( i n  the  same temperature regime), the  CU 
signal  dropped t o  -90-95% o f  t h e  steady s t a t e  value, and no decay constant 
cou ld  be measured. T h i s  k ind  o f  behavior was observed w i t h  K CO /sphero- 
ca rb  samples. 
f u r t h e r  s low ly  w i t h  t ime. 
spherocarb gave a s i m i l a r  r a t e  constant as determined here bu t  t h e  CU f e l l  
more than h a l f  o f  t h e  steady s t a t e  value. The r e s u l t s  seem t o  depend on 
t h e  p a r t i c u l a r  carbon system not on t h e  experimental arrangement. It i s  
n o t  su rp r i s ing  t h a t  t h e  s t r u c t u r e  o f  t h e  carbon, t he  micro-pore d i s t r i b u -  
t i o n ,  the  na ture  o f  t h e  c a t a l y s t  o r  i t s  d i spe rs ion  may have an e f f e c t  on 
t h e  r e s u l t  i n  these k i n d s  o f  experiments. 

The CO concent ra t ion  dropped t o  about 90% and Zecgined 
I n  work done subsequent t o  t h a t  repor ted  herein,  
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CHAR GASIFICATION BY CARBON DIOXIDE: FURTHER EVIDENCE 
FOR THE TWO-SITE MODEL 

P.C. Koenig, R.G. Squi res ,  N.k. Laurendeau 

Coal Research Center .  Purdue Univers i ty ,  West La faye t t e .  IN 47907 

1. INTKODUCTION 

Severa l  exper imenta l  s t u d i e s  of t h e  C-CO g a s i f i c a t i o n  r e a c t i o n  
have been made. Many i n v e s t i g a t o r s  have no te f  t h a t  t h e  k i n e t i c  d a t a  
s u b s t a n t i a t e  a r a t e  equat ion  of Langmuir-Hinshelwood form [ 1 , 2 , 3 , 4 ] :  

bl[C021 

1 + b2[CO] + b3[C02] R = -  (1 )  

2 
where R i s  the  i n t r i n s i c  r e a c t i v i t y  (g/m s), and t h e  b’s r ep resen t  r a t e  
c o e f f i c i e n t  r a t i o s .  Laurendeau [4] summarizes t h e  evidence suppor t ing  
t h e  following oxygen exchange mechanism which is in agreement with Eqn. 
(1): 

k: I c + co - C(0) + co 
f 2 P1 

k; 
C(0) .+ co 

where C r e p r e s e n t s  a f r e e  carbon s i te  and C(0) a 
atom. Applying t h e  s t eady  state approximation t o  
a c t i v e  s i tes ,  

y i e l d s  t h e  fo l lowing  va lues  f o r  b l ,  b2,  and b3: 

chemisorbed oxygen 
C(0) and a balance 

b l  = m k [C 1, c l  t 

where m is t h e  mass of a carbon 

Inve r t ing  Eqn. (1) gives  

1 b3 b2 

bl b l  
- = - + -  

kl  
b =r, b3=--;, 2 

k2 kg  

atom. 

[COI 1 1 
[cozl+r;;[cozl~ 

(5)  
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t 
2 

Thus, t h e  fo l lowing  r e l a t i o n s h i p s  should e x i s t  a t  cons tan t  tempera ture ,  
i f  t he  above model ho lds :  

1. 1 / R  vs. 1/[CO ] should be l i n e a r  f o r  cons t an t  [CO]; 

2. 1 / R  VS. 1/[CO ] should be l i n e a r  f o r  cons tan t  [COl/[C021; 

3.  1 / R  VS. [CO] should be l i n e a r  f o r  cons tan t  [C02]; 

4 .  1 / R  vs. 1/[CO ] should be l i n e a r  f o r  near-zero [CO]. 

2 

2 

2 

The purpose of t h i s  paper is t o  examine these  r e l a t i o n s h i p s  f o r  d a t a  
obta ined  from OUK 1abOKatOKy and t h e  l i t e r a t u r e .  
a n a l y s i s .  we w i l l  show t h a t  s u f f i c i e n t  experimental  evidence e x i s t s  t o  
ques t ion  the  v a l i d i t y  of Eqn. (6)  and hence t h e  s i n g l e - s i t e  oxygen 
exchange mechanism. A two-s i te  model is proposed t o  exp la in  t h e  ava i l -  
a b l e  experimental  da t a .  

2.  EXPERIMENTAL PROCEDURE 

In t h e  course  of t h i s  

A d i f f e r e n t i a l  packed-bed r e a c t o r  made from 15 m I D  qua r t z  was 
employed t o  s tudy  the  g a s i f i c a t i o n  k i n e t i c s  of Saran char a t  tempera- 
t u r e s  between 858 and 956OC, and a t o t a l  p re s su re  near 1 a t m  (101.3 
kPa). 
mer i n  n i t rogen  a t  1300 K f o r  t h r e e  hours. The r e a c t o r  was t y p i c a l l y  
loaded with between 0.15 and 3.75 gm of -250 p m  char  p a r t i c l e s  y i e ld ing  
a bed he ight  between 0.5 and 10.0 c m .  Carbon d iox ide ,  carbon monoxide 
and argon a t  99.99% p u r i t y  were flowed through t h e  char  bed at  a t o t a l  
f low r a t e  of between 200 and 1000 cc/min (STP). Carbon d iox ide  was used 
a s  the  r eac t an t  gas ,  carbon monoxide was added t o  s tudy  i t s  i n h i b i t i v e  
e f f e c t  on g a s i f i c a t i o n ,  and argon w a s  employed t o  vary t h e  i n l e t  C02 and 
CO concent ra t ions .  The r eac t ion  r a t e s  were determined from t h e  amount 
of CO produced by g a s i f i c a t i o n  a s  measured by an In f r a red  I n d u s t r i e s  
d u a l  beam nondispers ive  i n f r a r e d  ana lyzer  (IR-703D). In  o rde r  t o  com- 
p a r e  t h e  r a t e  d a t a  a t  a common ex ten t  of r e a c t i o n ,  t he  r a t e  dependence 
on CO and CO was determined using a method similar t o  Tyler and Smith 
[ 5 ] .  'The percent conversion was maintained below 4.0% t o  ensure  d i f -  
f e r e n t i a l  condi t ions .  Experimental tests and t h e o r e t i c a l  c r i t e r i a  i nd i -  
ca ted  the  absence of t r anspor t  l i m i t a t i o n s .  The i n t r i n s i c  r e a c t i v i t i e s  
presented  i n  t h i 9  s tudy  a r e  based on t h e  s p e c i f i c  su r face  a r e a  a t  -10% 
burn-off (1285 m / g ;  Dubinin-Radushkevich i so therm with C02 a t  298 K). 

3.  RESULTS 

The Saran char w a s  made by hea t - t r ea t ing  Dow Chemical Saran poly- 

Data f o r  1 / R  vs. 1/[C02] f o r  [CO] - 15 kPa and f o r  [CO]/[COZ] - 
0.25 were f i t  us ing  a l i n e a r  r eg res s ion  a n a l y s i s  and appear i n  F igs .  1 
and 2. The p l o t s  a r e  l i n e a r  with p o s i t i v e  i n t e r c e p t s  f o r  a l l  tempera- 
t u r e s .  Strange and Walker 161 noted similar r e s u l t s  f o r  SP-1 g raph i t e  
when [CO ] is  va r i ed  f o r  a f ixed  [ C O ] ,  and when [COZ] i s  var i ed  f o r  a 
f ixed  [C8]/[COZ] r a t i o .  
d a t a  in the  presence of carbon monoxide. 

Thus, Eqn. (6 )  adequate ly  f i t s  g a s i f i c a t i o n  
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Plo t s  of 1 / R  vs. [CO] f o r  [CO ] - 60 kPa appear in Figure  3. The 
p l o t s  are l i n e a r  as a n t i c i p a t e d  wi& p o s i t i v e  i n t e r c e p t s .  
[ 2 ]  and Wigmans e t  a l .  [ 7 ]  a l s o  obta ined  t h i s  r e s u l t  f o r  coconut char- 
c o a l  and a c t i v a t e d  pea t  cha r ,  r e spec t ive ly .  Consequently, t h i s  test 
a l s o  suppor ts  Eqn. ( 6 ) .  

Gadsby et  al. 

Data f o r  1 / R  vs. 1/[CO ] f o r  no CO in t h e  i n l e t  were a l s o  f i t  using 
2 a l i n e a r  r e g r e s s i o n  a n a l y s i s  and appear in Fig. 4. The d a t a  exh ib i t  a 

concave downward cu rva tu re  about t he  b e s t - f i t  lines. From r e p l i c a t e  
d a t a ,  t h e  r a t i o  of t h e  mean square  "linear-model" e r r o r  t o  t h e  mean 
square  exper imenta l  e r r o r  was ca l cu la t ed .  A s t a t i s t i ca l  F test  ind i -  
c a t e s  t h a t  t he  c u r v a t u r e  is not due t o  random exper imenta l  e r r o r .  Con- 
cave downward cu rves  f o r  p l o t s  of 1 / R  vs .  1/[CO ] with no CO in t h e  
i n l e t  can a l s o  be d i sce rned  [9] in t h e  da t a  of f y l e r  and Smith [51, 
Gadsby e t  a l .  [ 2 ] ,  and in d a t a  from our l abora to ry  f o r  coconut char  
(101. Turkdogan and Vin te r s  [ 8 ]  found t h e i 6  s a s i f i c a t i o n  r a t e s  f o r  no 
CO in t h e  i n l e t  t o  be p ropor t iona l  t o  [COP] * 

[CO 1 .  
i t  2s not c o n s i s t e n t  w i th  a cons t an t  f r a c t i o n a l  dependence over a wide 
[CO ] range. These and o t h e r  r e s u l t s  [6 ,10]  suggest t h a t  t h e  cur ren t  2 s i n g l e - s i t e  model must be modified. 

4. DISCUSSION 

over a 100 f o l d  change in 
Although Eqn. (1) allows a f r a c t i o n a l  o rde r  dependence on [C02], 

2 A s u i t a b l e  mod i f i ca t ion  involves  t h e  two-site adso rp t ion  of CO 
shown below [ 101 : 

E 
co + 2 c =l c* 

2 k-1 

c* 3 C ( 0 )  + C(C0) 

k- 2 

C(C0) :3 Cf + co 
k-3 

k 
C(0) 3 co, 

(7) 

* 
where C is t h e  two-s i te  su r face  complex. Temperature programmed * 
deso rp t ion  and i s o t o p i c  tracer experiments [3 ,11,12]  i n d i c a t e  t h a t  [C I 
and [C(CO)] a r e  probably small in comparison t o  [C(O)] and [C 1 dur ing  
g a s i f i c a t i o n .  
apply ing  t h e  s t e a d y  s t a t e  approximation t o  each su r face  spec ie s  w i l l  
y i e l d  t h e  fo l lowing  equa t ion  a f t e r  rearrangement [ l o ] :  

Thus, u s ing  t h e  same s i te  balance as in Eqn. ( 6 )  and 
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The preceding general equation can branch in two directions depending on 
the amount of CO. 

4.1 Case I :  Significant [ S I  

Since Rxn. (10) is irreversible, increasing [CO] is expected to 
decrease [C(O)] via the reverse of Rxns. (8) and (9). If [C(O)] becomes 
sufficiently small, then 

[Ctl >> [C(O)l. (12) 

Analysis of the first and second sets of bracketed terms in Eqn. (11) 
suggests that the sets are similar in magnitude. 
multiplying the first set of bracketed terms by [C(O)] and the second 
set by [C(O)][C ] will make the first term in Eqn. (11) negligible in 
comparison to tie second term. Since 

c 4  

Eqn.2(12) implies that 

R = m k [C(O)], 

Eqn. (11) yields 

m -~Ctl[CO21 klk2 
c k-1 

R =  

[ co2 1 k-gk-3 [CO] + - 2klk2 1 +- 
k3k4 k-lk4 

where k 
tion rack is much faster than CO 

has been assumed to be much larger than k2 (i.e., CO desorp- 2 decomposition rate). 2 
Eqn. (13) is of same form as Eqn. (1) with the following values for 

3: bl, b2, and b 

(14) 
k-2k-3 2k lk2 [Ct], b = -- , b =- 

klk2 b = m  -- 
1 c k-1 2 k3k4 3 k-lk4' 

Hence, for significant [CO], 1/R vs. 1/[C02] should be linear for con- 
stant [CO] and constant [CO]/[CO,], and 1/R vs. [CO] should be linear 
for constant [COz] as demonstrated previously. 
available, the previous single-site model and the proposed two-site 
model are indistinguishable with respect to the final rate expression. 
Moreover, both explain the available rate data. 

When sufficient [CO] i s  

The slopes and intercepts from Figs. 1-3 can be used to calculate 
values for m k4[Ct], mcklk [C ]/k-l, and mck-2k-3[Ctl/k 
intercepts og the 1/R vs. ?/[60,] plots at constant [CO? directly 
yielded m k [Ct] values. 

(Table 1). The 

These values also had the least error (95% c 4  
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confidence l i m i t s ) .  S imi l a r ly ,  t h e  s lopes  of t h e  1 / R  vs .  1/[CO 1 p l o t s  
a t  cons tan t  [CO]/[CO2] gave t h e  b e s t  m k k [Ct]/k-l va lues .  Values f o r  
k k m [C ] /k3  were ca l cu la t ed  from tfie’slopes of the  1 / R  vs.  [CO] 

chns tan t  [CO ] and using t h e  above va lues  f o r  k4mc[Ct] and 2 
klk2mc[Ctl/k-l. 

- 4.2 __-  Case 11: I n s i g n i f i c a n t  [%I 
I f  the  same assumption regarding the  r a t e  c o e f f i c i e n t s  i s  made as  

f o r  the  f i r s t  case  ( i . e . ,  k-l >> k 2 ) ,  and any term con ta in ing  [CO] is  
set t o  ze ro ,  Eqn. (11) y i e l d s  a f t e r  applying t h e  q u a d r a t i c  equat ion  
[ 101 : 

I f  we f u r t h e r  assume t h a t  k i s  much l a r g e r  than k ( i . e . ,  C(C0) r e a c t s  
wi th  C(0)  f a s t e r  than  i t  deszrbs from the  ~ u r f a c e ) , ~ t h e n  i t  i s  reason- 
a b l e  t o  presume t h a t  

k k  I v 2 k 4 k - 2  1 2  
[CO21 >> - [ C O 2 1 ,  \ I  k-lk3 k-l 

and 

L 

2 Applying Eqn (16 )  and a l s o  assuming t h a t  k i s  smal l  compared t o  t h e  CO 
term under t h e  square  root  s ign  i n  Eqn. ( l? ) ,  w e  f i n d  t h a t  t h e  r eac t ion  
r a t e  has a square  r o o t  dependence on [CO,]: 

This pred ic ted  square  root  dependency i s  c o n s i s t e n t  wi th  t h e  r e s u l t s  of 
Turkdogan and Vin te r s  [SI with no CO i n  t h e  inl&F5 Moreover, t h e  Saran 
char  da t a  demonst ra tes  good l i n e a r  R vs.  [ C 0 2 ]  p l o t s  wi th  t h e  a n t i -  
c ipa t ed  negat ive  i n t e r c e p t  when no CO i s  p resen t  i n  t h e  i n l e t  gases 
(F ig .  5). However, a s l i g h t  concave upward cu rva tu re  can be d iscerned  
i n  a l l  t h e  p l o t s .  To test the  a b i l i t y  of Eqn. (15) t o  account f o r  t h i s  
depa r tu re  from l i n e a r i t y ,  w e  f i t  t h e  d a t a  wi th  t h e  fo l lowing  equat ion:  
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Parameters d and d were f ixed  with va lues  from Table 1. Parameters 
d l ,  d3, d4,  ind  d were determined by a non-linear r eg res s ion  a n a l y s i s  
us ing  Marquardt’s method. 
and d4 and compared t o  the  va lues  i n  Tat& 1‘; Table 2 demonstrates t h e  
agreement. 1 s t i l l  y ie lded  almost i d e n t i c a l  va lues  f o r  k m [C 1.  This agreement Sup- 
p o r t s  t h e  proposed two-site model. 

5. CONCLUSIONS 

5 
6 

Parameters d 

Values f o r  k m [C 1 can be c a l c u l a t e d  from d l  

and d4 were not  cons t ra ined  i n  any way, but 

4 c  t 

Proposed models f o r  g a s i f i c a t i o n  by C02 should account f o r  t h e  f o l -  
lowing experimental  observa t ions  obta ined  i n  t h i s  i n v e s t i g a t i o n  and t h e  
l i t e r a t u r e :  

1. 

2. R vs [CO i s  near - l inear  f o r  no CO i n  t h e  i n l e t  and d i f f e r e n -  

1 / R  vs. [CO] i s  l i n e a r  f o r  cons tan t  [CO,]. 

2 t i a l  r e a c t i o n  cond i t ions  ([CO] - 1 kPa).  

i n l e t  ([CO] -’lo kPa). 
3. 1 / R  vs. 1/[CO ] i s  l i n e a r  f o r  h igher  concen t r a t ions  of CO i n  the  

The model proposed he re  t o  account f o r  t hese  obse rva t ions  invo lves  a 
two-site adsorp t ion  and d i s s o c i a t i o n  of C02 on t h e  su r face .  

ACKNOWLEDGEMENTS 

This study was supported by a gran t  from Conoco, Inc. through t h e  
Coal Research Center a t  Purdue Univers i ty .  We a p p r e c i a t e  t h e  h e l p f u l  
comments of Prof.  R.P. Andres, Prof.  W.N. Delgass,  Prof .  C.G. Takoudis, 
and o t h e r  members of the  c a t a l y s i s  group i n  t h e  Chemical Engineering 
Department of Purdue Univers i ty .  In a d d i t i o n ,  w e  a r e  thankfu l  t o  P.R. 
Abel and B . J .  Waters f o r  t h e i r  a s s i s t a n c e  with t h i s  work. 

REFERENCES 

1. P.L. Walker, Jr., F. Rusinko, Jr . ,  and L.G. Aus t in ,  Advances i n  
C a t a l y s i s ,  Vol. 2, p 133. Academic Press, New York (1959). 

2. J. Gadsby, F.J. Long, P. Sleightholm, and K.W. Sykes, Proc. R. 
SOC. ,  London A i ,  357 (1948). 

. 3. M. Mentser and S. Ergun, “A Study of t h e  Carbon Dioxide-Carbon 
Reaction by Oxygen Exchange,” U.S. Bureau of Mines B u l l e t i n  664 
(1973). 

4 .  N.M. Laurendeau, Prog. Energy Combust. Sc i .  2, 221 (1978). 

5. R.J.  Tyler and J.W. Smith, Fuel 14, 100 (1975). 

6. J.F. Strange and P.L. Walker, J r . ,  Carbon 14, 345 (1976). 

325 



7 

7. T. Wigmans, A. Hoogland, P. Tromp, and J.A. Mouli jn ,  Carbon 2, 13 
(1983). 

8. E.T. Turkdogan and J . V .  V in te r s ,  Carbon 7, 101 (1969). 

9.  P.C. Koenig, M.S. Thes i s ,  Purdue Un ive r s i ty  (1983). 

10. P.C. Koenig, R.G. Squ i r e s ,  and N.M. Laurendeau, Carbon i n  p re s s .  

11. F. Kap te i jn ,  G .  Abbel, and J.A.  Moulijn, Fuel 63, 1036 (1984). 

12. S.S. Barton and B.H. Ha r r i son ,  Carbon 13, 283 (1975). 

326 

I 



1 .oo 

m 

X 
h 

M -. 

Q) 

'0 A 0.75 

0.50- 
v 

aJ U 

2 --- 
A 0.25 

0.0 

, 

I I I 

- 

- 
P 

/ - 

- - 

I I I 

Figure 2. Test of  Eqn. ( 6 )  f o r  Saran Char with [CO]/[CO ] % 0.25. 
0 - 1189 K, fl - 1206 K, A - 1217 K, V - 1229 E?. 
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Figure 4 .  Test of  qn. (6) f o r  Saran Char wi th  [CO] % 1 kPa 
(1 X lo-' mol/i). V - 1189 K, 0 - 1206 K. - 1217 K, 
A - 1229 K. 
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Figure 5 .  Test of Eqn. (17) f o r  Saran C h a r  w i t h  [CO] ?r 1 kPa (1 X loe4 
m o l / e ) .  V - 1189 K ,  0 - 1206 K, 0 -  1217 K, A - 1229 K. 

Table 1. Experimental Values f o r  Rate Coeff ic ient  Ratios. 

1189 1.07 f. 0.46 0.55 2 0.18 0.71 2 0.64 

1206 2.09 2 0.72 1.15 * 0.32 1.77 t 1.32 
1217 2.75 2 0.86 1.27 f. 0.34 1.82 f. 1.24 

1229 3.78 f. 1.52 1.85 0 .43  2.64 2 2.00 

Table 2 .  Comparison o f  mck4[Ct](-& X IO7) Values. 

Temp., K mck4[Ctl from Table 1 mck4[Ct] from d l  mck4[Ct] from d4 

1189 1.07 5 0 .46  1.06 (0.77-1.29) 1.08 (0-1.28) 
1206 2.09 5 0.72 2.44 (1.82-2.94) 2.45 (1.70-2.82) 

1217 2.75 0.86 2.80 (2.72-2.87) 2.80 (2.72-2.88) 
1229 3.78 % 1.52 3.52 (3.10-3.89) 3.52 (3.00-3.87) 
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KINETIC AND MECHANISTIC ASPECTS OF CO2 GASIFICATION ON ALKALI TREATED CARBON 

C. T. R a t c l i f f e *  
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Route 22 East, Annandale, N. J .  08801 

In t roduc t i on  

Whi le  c a t a l y s i s  o f  C02 g a s i f i c a t i o n  o f  carbon or coal chars by a l k a l i  
metals has been t h e  sub jec t  o f  many i n v e s t i g a t i o n s  (1). t he  s t a t e  of t he  c a t a l y s t  
s i t e  dur ing g a s i f i c a t i o n  and t h e  mechanism invo lved  i n  t h e  r a t e  l i m i t i n g  s tep have 
y e t  t o  be resolved. An inhe ren t  problem i n  cata lyzed gas-so l id  reac t i ons  a t  t h e  
requ i red  h igh  temperatures i s  t h e  i n a b i l i t y  t o  separate the  reac t i on  i n t o  d i s c r e t e  
steps which can be monitored under i s o t h e r m 1  reac t i on  condi t ions.  The approach 
taken  i n  t h i s  study has been t o  decouple the  r e a c t i o n  i n t o  th ree  steps: c a t a l y s t  
a c t i v a t i o n ,  C02 chemisorpt ion and react ion/desorpt ion,  w i t h  on l y  the  adsorpt ion s tep 
examined under isothermal  condi t ions.  The s t rong  chemisorption o f  C02 on the rma l l y  
ac t i va ted  potassium s i t e s ,  which showed s i m i l a r i t i e s  v ia  our  MAS-NMR ana lys i s  t o  t h e  
e l e c t r o s t a t i c a l l y  he ld  CO on a l k a l i  t r ea ted  A1203 or Si02-A1203 c a t a l y s t s  as 
repor ted by Krupay e t  a l .  [Z), Sefc ik  e t  a l .  (3.4) and Barrer  e t  a l .  (5) has al lowed 
t h e  populat ion o f  a c t i v e  s i t e s  t o  be measured by the  q u a n t i t y  o f  C02 t h a t  
i r r e v e r s i b l y  chemisorbed a t  3OOOC on t h e  a c t i v e  sur face (6) .  The s t a t e  o f  t h i s  
i n te rmed ia te  i s  s i m i l a r  t o  the  t y p e  suggested much e a r l i e r  by Long and Sykes ( 7 )  and 
more recen t l y  by Mims and Pabst (8), but  i n  disagreement w i t h  a mechanism i n v o l v i n g  
K2C03 format ion and subsequent reduc t i on  t o  the metal as proposed by McKee (9) and 
Vera and B e l l  (10). 

The o b j e c t i v e  o f  t h i s  study has been t o  examine the  thermochemical 
r e a c t i o n ( s )  o f  each adsorbed C02 complex w i t h  an atom o f  carbon on the  sur face t o  
even tua l l y  y i e l d  two molecules o f  CO. Isotope l a b e l l e d  13C02 has been adsorbed on 
t h e  a c t i v e  s i t e s  so t h a t  t h e  reac t i on  chemist ry  o f  Cop w i t h  t h e  carbon l a t t i c e  cou ld  
be monitored by Temperature Programmed Desorption (TPD) w i t h  t h e  carbon labe l  
d i f f e r e n t i a t e d  by mass s p e c t r a l  examination o f  t h e  products. While t h e  TPD ana lys i s  
technique has been p r i m a r i l y  employed f o r  examining desorpt ion o f  s i n g l e  c r y s t a l  
c a t a l y s t  sur faces ( l l ) ,  t h e  technique can be app l i ed  t o  porous c a t a l y s t  ma te r ia l s  
w i t h  proper precaut ions (12). I f d i s c r e t e  desorpt ion s ta tes  can be i d e n t i f i e d ,  
d e t a i l s  of  t he  k i n e t i c s  o f  desorpt ion process can be obta ined (13). Feats and Keep 
have examined g r a p h i t e  ( thermal  or r e a c t o r  i r r a d i a t e d )  a f t e r  COP or O2 adsorpt ion by 
TPD and found d i s c r e t e  s t a t e s  f o r  desorpt ion o f  CO and C02 (14). L inear  TPD 
a n a l y s i s  and a step-TPD technique were s tud ied by Tremblay e t  a l .  t o  determine the  
energet ics  of oxygen remove1 as CO from non-catalyzed carbons. These authors 
summarized t h e i r  r e s u l t s  w i t h  two major points ;  more than  one func t i ona l  group i s  
present  on carbon and t h e  a c t i v a t i o n  energies f o r  these complexes must be a 
d i s t r i b u t e d  func t i on  (15). F r e r i c k s  has repor ted TPD spect ra f o r  C02 and H20 on 
potassium doped carbon samples but t h e  spect ra were no t  analyzed f o r  k i n e t i c  
i n f o r m a t i o n  (16). 

* Present Address: Union O i l  Company o f  C a l i f o r n i a ,  Science and 'Technology 
D i v i s i o n ,  P. 0. Eox 76, Erea, C a l i f o r n i a  92621 
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Oiscrete desorpt ion s ta tes  f o r  13- label led CO and l a t t i c e  carbon der ived 
CO have been obtained i n  t h i s  study by TPO a t  one atmosphere i n  a f l ow ing  i n e r t  gas 
stream. Analysis o f  the TPD spect ra by the methods o u t l i n e d  by Redhead, Cvetanovic 
and Amenomiya and Taylor and Weinberg are presented (11,13,17). 

EXPERIMENTAL 
Samples and Reagents 

Spherocarb, a low ash form o f  ac t i va ted  carbon w i t h  a sur face area o f  800 
m2/g, was purchased from Analabs Inc., New Haven, Connecticut. Isotope l a b e l l e d  

13C02 (98% 13C) was purchased from Isotec, Inc.. Cen te rv i l l e .  Ohio, w i t h  t h e  
percentage isotope labe l  v e r i f i e d  by M.S. analys is .  A h igh  p u r i t y  source o f  He 
(99.9999%) was used as a c a r r i e r  gas i n  a l l  experiments. The He stream was passed 
through a heated t r a p  con ta in ing  Cu tu rn ings  f o r  O2 removal fo l lowed by molecular  
s ieve t raps  t o  i nsu re  H20 removal. The p u r i t y  o f  He was found t o  be c r i t i c a l  i n  
adsorpt ion/desorpt ion runs on carbon and was checked p e r i o d i c a l l y  by v e r i f y i n g  a 
constant weight o f  carbon i n  the TGA/DSC a t  e levated temperatures (8OOOC) wh i l e  
f lowing a He stream f o r  2-3 hour period. 

Potassium carbonate was purchased from B&A Chemicals (reagent grade). 
Aqueous s o l u t i o n  o f  K2CO3 were used t o  impregnate Spherocarb samples w i t h  the  volume 
o f  the aqueous s o l u t i o n  equated t o  the quan t i t y  o f  mois ture requ i red  t o  f u l l y  wet 
the  surface but not a l l ow  excess s o l u t i o n  (method o f  i n c i p i e n t  wetness). A f t e r  
impregnation. samples were d r i e d  t o  60-70°C i n  a vacuum oven and sealed i n  glass 
conta iners under i n e r t  atmosphere. 

Isothermal adsorpt ion and temperature programmed desorpt ion runs were 
performed i n  a M e t t l e r  2000C TGA/OSC Analyzer. The balance p la t form,  sample 
c r u c i b l e s  and chamber were const ructed o f  a-alumina w i t h  no a r t i f a c t s  i n  adsorpt ion 
o f  desorpt ion noted i n  blank runs. Analysis o f  the e x i t  gas was performed w i t h  a 
UTI model 100 mass spectrometer t h a t  was i n t e r f a c e d  w i t h  a Spectra Link u n i t  t o  a 
M l N C  1123 labo ra to ry  computer. M u l t i p l e  i ons  could be monitored on a continuous 
bas is  du r ing  TPD runs. I n  a t y p i c a l  run, e i g h t  amu valves were monitored i n  a 
c y c l i c  manner i n  which data for  each mass u n i t  was c o l l e c t e d  f o r  one second w i t h  a 
t o t a l  cyc le  comprising about ten seconds. I n  t h i s  manner, a s u f f i c i e n t  number o f  
counts could be obtained f o r  each ion  t o  prov ide an accurate r a t i o  o f  p a r t i a l  
pressures wh i l e  the frequency o f  c y c l i n g  was f a s t  enough t o  gain peak temperatures 
(Tp) fo r  CO and COP fragments at  programming ra tes  up t o  0.5 K/sec. A small p o r t i o n  
(5-10%) o f  t h e  e x i t  f l ow  from the reac t i on  chamber was d i f f e r e n t i a l l y  pumped through 
a c a p i l l a r y  tube t o  minimize l a g  t ime t o  the  M.S. chamber. The f l ow  pat tern,  as 
o u t l i n e d  on F igure #1, was designed t o  minimize readsorpt ion du r ing  TPO experiments 
(12). 

Adsorption o f  C02 was always performed w i t h  90% He d i l u t i o n .  Samples o f  
K2C03-Spherocarb were precondi t ioned by heat ing t o  850'C i n  an i n e r t  gas f l ow  p r i o r  
t o  the adsorption/TPO study. A f t e r  an isothermal temperature was establ ished,  the 
adsorpt ion was c a r r i e d  out a t  6OoC fo l lowed by a per iod o f  approximately one hour t o  
purge t h e  chamber o f  res idua l  C02. 

RESULTS AND DISCUSSION 
Product Formation and Isotope D i s t r i b u t i o n  

The p r o f i l e  o f  desorbed products, as shown i n  Figures 2 and 3, i d e n t i f i e s  
Desorption of cO2 can a l so  be detected i n  much th ree  reg ions o f  desorpt ion f o r  CO. 
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l ower  concentrat ions w i t h  a low temperature peak centered at  17OOC and a broad 
desorpt ion peak at  5OOOC. The C-13 labe l  on adsorbed CO2 r e a d i l y  d i f f e r e n t i a t e s  t h e  
source of carbon f o r  both CO and C02. Desorpt ion o f  CO w i th  mass 29 i s  c l e a r l y  
present i n  peaks a t  200°, 490°, and 685', wh i le  mass 28 (CO from l a t t i c e  carbon) i s  
o n l y  observed i n  t h e  75OoC peak. Only l a b e l l e d  C02 (mass 45) can be seen i n  the  
desorp t ion  spectra. The l a c k  o f  coincidence i n  desorp t ion  s ta tes  ~ o ~ - ~ ~ C O  or l2C0 
should be noted as i t  ind i ca tes  d i s t i n c t  desorp t ion  processes. Adsorpt ion of  C02 a t  
isothermal temperatures f rom 25-100'C had no e f f e c t  on the  r e l a t i v e  r a t i o  of 
products o r  t he  peak maxima. Higher temperature adsorpt ion o f  COP decreased t h e  
c o n t r i b u t i o n  o f  t h e  lower temperature s ta tes  i n  t h e  TPD spectrum. Continued 
evo lu t i on  o f  CO above 8OOOC i s  a l so  evident i n  a l l  the  spectra. Removal of t i g h t l y  
bound oxygen i n  chars i s  known t o  requ i re  very h igh  temperatures (lOOO°C i n  vacuum) 
(18,19) i n  add i t i on  t o  e v e n t u a l l y  v o l a t i l i z i n g  the  a l k a l i  metal (20). The chemistry 
i n  t h i s  temperature reg ion  was not examined as i t  i s  not re levant  t o  the  c a t a l y t i c  
reac t ion .  

Continued c y c l i n g  o f  C02 adsorp t ion  a t  25OC o r  100°C fol lowed by TPD 
programming t o  800-850°C demonstrated t h e  reproduc ib le  s to ich iomet ry  of t h e  
Boudouard reac t i on  as monitored dur ing  each cyc le  w i t h  the TGA u n i t :  

co2(44 amu) + C(12 amu) + 2C0 (56 amu). 

Thus, separat ion o f  t he  adsorp t ion  process and the  subsequent thermal desorp t ion  
i n t o  separate steps al lowed gas i f i ca t i on  t o  be performed on a "one tu rnover "  per  
c y c l e  basis. That i s ,  f o r  each a c t i v e  s i t e  tha t  chemisorbed one molecule of COe, 
one atom o f  l a t t i c e  carbon was reacted dur ing  the  TPD process t o  y i e l d  two molecules 
of CO. The quan t i t y  of adsorbed C02 could r e a d i l y  be con t ro l l ed  by in t roduc ing  a 
l i m i t e d  amount o f  C02 i n t o  the gas stream and observing the  weight gain w i t h  t h e  
TGA. Thus the  e f f e c t  of  desorp t ion  a t  d i f f e r e n t  load ing  l e v e l s  could be q u a n t i f i e d  
w i t h  the measured weight o f  adsorbed C02 and desorbed CO as known grav imet r ic  values 
and the  iso tope c o n t r i b u t i o n  determined from the  area under the  mass spec t ra l  
p ro f i l es .  The TPD p r o f i l e s  i n  Figures 2-4 correspond t o  desorp t ion  o f  a f u l l  
s a t u r a t i o n  o f  chemisorbed s i t e s  (0.6 s i tes /mole  o f  K CO impregnated). A dec l ine  i n  
t h e  t o t a l  mass o f  desorbed I 3 C O  as compared t o  '*CO wi th lower load ings  was observed 
upon i n t e g r a t i n g  the  area under the  respec t ive  M.S. p r o f i l e s  shown i n  Figures 2 and 
4. A s i m i l a r  decrease i n  the  r a t i o  o f  13CO/12C0 was noted w i th  equal coverages o f  
C02 bu t  decreasing ramping rates.  Readsorption o f  13C0 a f t e r  i t s  re lease from lower 
energy b ind ing  s ta tes  appears probable from these r e s u l t s  w i t h  a v i sua l  i l l u s t r a t i o n  
o f  t he  dec l ine  i n  13C0 w i t h  lower load ing  shown i n  Figure 4. 

Adsorpt ion o f  C02 at elevated isothermal temperatures was examined up t o  
500OC. TPD ana lys is  o f  t h e  surface a f t e r  adsorp t ion  a t  e levated temperatures showed 
a dominance of CO desorp t ion  i n  t h e  an t i c ipa ted  700Y region, w i t h  l i t t l e  
c o n t r i b u t i o n  from t h e  lower states.  

Determinat ion of Rate Parameters v i a  TPD Ana lys is  

I n t e r p r e t a t i o n  o f  TPO spectra a l lows t h e  a c t i v a t i o n  energy, frequency 
f a c t o r  and order o f  a process t o  be determined as the  shape o f  the  peaks and t h e  
p o s i t i o n  of t he  peaks maxima bear a fundamental r e l a t i o n s h i p  t o  the  desorp t ion  
process (11-13). 

Data obtained from TPD spectra w i t h  va r iab le  surface coverage was analyzed 
f rom the bas ic  equation, 

2. 3 
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n = reac t i on  o rde r  
C = sur face conc. 
V = frequency f a c t o r  
Ed = a c t i v a t i o n  energy 
T = peak desorp. temp. P 
6 = ramping r a t e  

Rearrangement o f  t h i s  equat ion reveals  t h e  dependence 
concentrat ion on tenpera tu re  as a f u n c t i o n  o f  reac t i on  order. 

o f  sur face 

Ed Ed cn--l=exp. - . - 
RTP R T ~ ~ V ~  

I f  l i t t l e  change i n  the  energy o r  frequency f a c t o r  i s  assumed as a f u n c t i o n  o f  
loading l eve l ,  t he  r e l a t i v e  s h i f t  o f  Tp as a f u n c t i o n  o f  C w i l l  a l l o w  a 
determinat ion o f  the reac t i on  order. The temperature o f  the desorpt ion peak f o r  
l a t t i c e  de r i ved  carbon ( 1 2 C )  remained constant i n  the  reg ion o f  sur face coverages 
used i n  t h i s  study (40-100%) and thus represented t e p r o f i l e  o f  a f i r s t  order  
desorpt ion process. The th ree  desorpt ion peaks f o r  '$0 (der ived f rom 13C02) a l s o  
showed constant  T values a t  sur face coverages i n  t h e  range mentioned above as shown 
i n  F igure #3 w h i c i  i s  cons i s ten t  w i t h  f i r s t  order  desorpt ion processes. 

TPD experiments were a l s o  performed a t  constant  sur face coverage values o f  
CO2,  as measured w i t h  t h e  thermal balance, and a t  v a r i a b l e  heat ing ra tes  o f  0.5 
K/scc. t o  0.033 K/sec. Surface coverages above 80% were used i n  a l l  cases. 
Analysis o f  the a c t i v a t i o n  energies and preexponential f a c t o r s  could be determined 
from the  l o g  form o f  equation (1)  as mass t r a n s f e r  problems were n o t  a n t i c i p a t e d  
based on t h e  design parameters o f  Gorte (12) and the  e f f e c t  o f  readsorp t i on  on t h e  
preexponential term was small compared t o  the e r r o r  i n  the i n t e r c e p t  under the  
cond i t i ons  o f  t h i s  study (21). Adsorption o f  CO on t h i s  surface had a l s o  been shown 
by independent s tud ies  t o  be a non-act ivated process, t hus  AH = Ed. 

(3) 
Ed VnR 

In@ 'RS; - In- E d  
2 1nT - 

P 

The values o f  Tp were obta ined from bo th  the m ss spec t ra l  p l o t  and the  DTGA peak 
from t h e  weight l oss  p r o f i l e .  Desorption o f  "CO i n  t h e  h igher  temperature reg ion 
requi red dependence on on ly  t h e  M.S. values as the d e r i v a t i v e  weight l o s s  peak 
(DTGA) usua l l y  appeared as a shoulder on t h e  l a r g e r  "CO peak. The s e r i e s  o f  M.S. 
spectra generated from t h e  desorpt ion o f  m/e = 28 a t  d i f f e r e n t  6 values i s  shown i n  
F igure 5. The values o f  Tp, which requ i red  a temperature c o r r e c t i o n  f o r  heat 
t ranspor t  e f f e c t s ,  were u t i l i z e d  t o  c a l c u l a t e  parameters f o r  a c t i v a t i o n  energ ies and 
fac to rs .  The desorpt ion energy f o r  t h e  lower temperature re lease o f  13C0, as shown 
i n  Figure 6, ga e a va lu  of 45 f 3 Kcal/mole w i t h  a frequency f a c t o r  o f  4 x 
Desorption o f  "CO and "CO a t  t h e  h ighe r  temperature reg ion revealed h ighe r  energy 
values of 73 f 3 Kcal/mole and 72 i 5 Kcal/mole, respec t i ve l y  w i t h  frequency f a c t o r s  
o f  1015-1016 range f o r  b o t h  processes (see F igures 7,8). The temperature dependence 
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p l o t  f o r  l2C0 i n  F igure 7 d i sp lays  the  experimental values f o r  DTGA and M.S. derived 
values of Tp wh i l e  F i g u r e  6 and 8 were taken from mass spec t ra l  p r o f i l e s .  

Energetics and Mechanism o f  CO Formation and Desorption 

Exothermic adsorpt ion o f  C02 on d i s c r e t e  a l k a l i  con ta in ing  s i t e s  resu l t s  
i n  t h e  format ion o f  a C02 con ta in ing  complex t h a t  appears s tab le  up t o  400OC. The 
chemical s h i f t  o f  13 l a b e l l e d  carbon (from adsorbed COP) by MAS-NMR . c l ea r l y  showed 
t h a t  K CO and KHC03 have no t  formed, but t h e  sur face in termediate appears t o  be 
"carbo:ate3" i n  nature. Temperature programed desorpt ion up t o  4OOOC i n  t h i s  study 
revealed no enthalpy changes as noted w i t h  the  DSC probe, prec lud ing any chemical 
change i n v o l v i n g  gain o r  l oss  o f  energy although CO and COP evo lu t i on  from weakly 
he ld  s i t e s  occurred a t  200OC. Thus, t he  breaking o f  the C02 complex on a potassium 
s a l t  t rea ted  carbon sur face t o  t r a n s f e r  oxygen and the desorption o f  CO appear t o  
occur as a s i n g l e  endothermic process a t  400'C. This t r a n s f e r  o f  oxygen and 
desorpt ion of CO must probably i s  cata lyzed by t h e  potassium s i t e .  Bonner and 
Turkevich (22), Lang and Magnier (23) and Tonge (24) have independently studied the 
t r a n s f e r  o f  oxygen from C02 t o  d i f f e r e n t  forms o f  non-catalyzed g raph i te  o f  
carbon. Desorption o f  CO was found t o  occur a t  temperatures as low as 450'C (Tonge) 
although the r a t e  o f  exchange o f  oxygen from C02 t o  carbon was very low 1700 hrs 
f o r  completion a t  500'C) and the  sur face coverage was minimal ( 7  x lo-' C atom 
s i tes /C  atom). The i n a b i l i t y  t o  desorb a l l  t he  l a b e l l e d  13C0 i n  t h i s  study at  the 
4OOOC endothermic t r a n s i t i o n ,  e i t h e r  due t o  readsorpt ion o f  CO or  t he  presence o f  
more than one type o f  s i t e ,  precludes any statement from t h i s  study c la im ing  a 
s i n g l e  event for t h e  f i r s t  s tep i n  the  c l a s s i c  mechanism o f  C02 g a s i f i c a t i o n  as 
o u t l i n e d  by Long and Sykes (25), where (0) re fe rs  t o  an adsorbed oxygen on the 
carbon surface. 

co2 + (0 )  t co 
c t (0 )  + co 

The demonstrated a b i l i t y  o f  K-Spherocarb t o  chemisorb CO, w i t h  eventual desorpt ion 
o f  t h e  ma jo r i t y  o f  t h e  oxygen from a h igher  d i ssoc ia ted  s ta te ,  places more emphasis 
on t h e  t h i r d  step i n  above mechanism o f  g a s i f i c a t i o n  as shown below: 

i 

J 
co c-' (CO). 

While readsorption o f  CO was not found t o  be s i g n i f i c a n t  i n  the k i n e t i c  study w i t h  
carbon (8.25) i t  may be important w i t h  potassium t r e a t e d  carbon. The desorpt ion 
energy f o r  t he  removal o f  CO a t  49OOC from K-Spherocarb v ia  TPD ana lys i s  i n  t h i s  
study (45 3 Kcal/mole) w i t h  a frequency f a c t o r  of 1 0 l 2  represent a considerably  
more f a c i l e  process than  the i n i t i a l  t r a n s f e r  process o f  Long and Sykes (a)  f o r  
ext racted charcoal (Eact = 68, V = 3 x 10') o r  f o r  the o r i g i n a l  charcoal (Eact = 
58.8 Kcal, V = 6 x lo8) (8). Our s tud ies o f  CO adsorpt ion on K-Spherocarb showed a 
non-activated process ( t h u s  AHdesorp. = Eact ) ;  the lower a c t i v a t i o n  energy and 
h ighe r  pre-exponential f a c t o r  t h e r e f o r e  represent t h e  c a t a l y t i c  a c t i v i t y  o f  
potassium i n  t h i s  f i r s t  step (a). The low temperature t r a n s i t i o n  f o r  release o f  
oxygen on a l k a l i  t r e a t e d  carbon surfaces i s  cons i s ten t  w i t h  e a r l i e r  oxygen exchange 
s tud ies  (19-22) i n  a d d i t i o n  t o  the aforementioned work by Long and Sykes (8,25). 

The energet ics  and isotope d i s t r i b u t i o n  o f  CO adsorption s tates a l lows 
add i t i ona l  i n s i g h t  on the  nature o f  t he  sur face complexes. The re lease o f  CO above 
600°C involves separate and d i s c r e t e  s i t e s  f o r  l a t t i c e  der ived carbon and C02 
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der i ved  carbon as d i s t i ngu ished  by t h e  carbon i so tope  labe l .  The r e l a t i v e  increase 
i n  the  q u a n t i t y  o f  13C0 desorbed i n  t h e  600-7OO0C reg ion  w i t h  a decrease i n  coverage 
o f  adsorbed 13C02 i s  cons is tent  w i t h  p r e f e r e n t i a l  bonding t o  t h i s  s i t e  ( e i t h e r  
d i r e c t l y  or by readsorpt ion)  vs the  weaker s i t e s  desorb in a t  490 and 200'C. As the  
t o t a l  q u a n t i t y  o f  desorbed 13C0 i s  s i m i l a r  t o  desorbed p2C0, and much g rea te r  than 
the p red ic ted  q u a n t i t y  o f  l a t t i c e  carbon exposed on the  h igher  sur face area 
Spherocarb, t he  l a b e l l e d  carbon must be e i t h e r  bonded t o  o r  i n  c l  se p r o x i  i t y  t o  an 
oxygen atom. The s i m i l a r i t y  o f  the desorpt ion enthalpy f o r  "CO and '2C0 above 
6OOOC a lso  impl ies a s i m i l a r  form o f  bound in termediate,  although t h e  desorpt ion 
p r o f i l e  always revealed 13C0 e v o l u t i o n  a t  a lower  temperature than l2C0. The h igh 
a c t i v a t i o n  energy f o r  t he  above processes i s  equal o r  greater  than values repor ted 
fo r  CO release by o the rs  from non-catalyzed carbon system. The va lue o f  59 Kcal 
repor ted by Ergun (26,27) on th ree  d i f f e r e n t  carbons (Ceylon Graphite, ac t i va ted  
g raph i te  and a c t i v a t e d  carbon) and t h e  value o f  67 Kcal f o r  g raph i te  repor ted by 
Tyso (28) e t  a l .  were obta ined under c o n t r o l l e d  d i f f e r e n t i a l  f l o w  condi t ions.  
A recent  steady s t a t e  k i n e t i c  i n v e s t i g a t i o n  by Freund (29) has shown an a c t i v a t i o n  
energy o f  58 t 3 Kcal f o r  C02 g a s i f i c a t i o n  o f  cata lyzed and non-catalyzed carbon 
samples . 

The h igher  energy values obta ined i n  t h i s  TPO i n v e s t i g a t i o n  as compared t o  
steady s t a t e  k i n e t i c  r e s u l t s  i s  probably  no t  due t o  CO i n h i b i t i o n  problems as they 
have been accounted f o r  i n  the  above quote s tud ies.  The i n a b i l i t y  t o  measure 
accurate reac t i on  bed temperatures du r ing  t h e  endothermic g a s i f i c a t i o n  presents  a 
more p l a u s i b l e  explanation. The temperature values obta ined i n  our  TPD study, 
despi te  the small sample s i z e  and low concentrat ion o f  adsorbed C02, requ i red  a 
c o r r e c t i o n  a t  h igher  temperatures due t o  t h e  endotherm o f  C O  desorpt ion.  The actual  
temperature o f  our desorpt ion peaks- were co r rec ted  w i t h  f a c t o r s  determined from DSC 
measurement o f  t he  m e l t i n g  o f  metals ( a l s o  an endothermic process) a t  t h e  desorpt ion 
temperature. Local ized coo l i ng  o f  t h e  bed du r ing  any steady s t a t e  k i n e t i c  run  would 
a l s o  r e s u l t  i n  a r t i f i c i a l l y  h igh  temperatures from a thermocouple va lue which would 
lower the  value o f  t h e  ca l cu la ted  a c t i v a t i o n  energy from a r e a c t i o n  r a t e  vs. 
rec ip roca l  temperature p l o t .  

CONCLUSIONS 

Isotope l a b e l l e d  TPD under one atmosphere i n e r t  gas f l ow  has prov ided a 
method o f  decoupling a l k a l i  cata lyzed g a s i f i c a t i o n  i n t o  steps. D i s t i n c t  desorpt ion 
s t a t e s  f o r  CO have been i d e n t i f i e d  which he lp  exp la in  t h e  mechanism o f  C02 
i n t e r a c t i o n  w i t h  the  a l k a l i  cata lyzed carbon surface. The r a t e  l i m i t i n g  s tep has 
been shown t o  i nvo l ve  removal o f  l a t t i c e  carbon as CO. As t h e  a c t i v a t i o n  energy f o r  
t h i s  s tep does no t  appear t o  be lowered by potassium, a l k a l i  serves as a c a t a l y s t  by 
i nc reas ing  the  number o f  a c t i v e  s i t e s  i n  C02 g a s i f i c a t i o n  of carbon and exchanging 
oxygen from C02 t o  t h e  carbon surface. 
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Cylinders 

N, 0. CO, SO, 

T y l a n  Flow 
Controllers 

tor  T G A I D S C  

He + Gas Reactant  

Figure #I .  M e t t l e r  200K Thermal Analysis u n i t  equipped w i t h  gas flow c o n t r o l  
system and on- l ine  M.S. analys is  system. 

Temperature ("C) 

Figure Y2. P r o f i l e  o f  mass i n t e n s i t y  for evolved lk0 (mp.29) and 1%O(m/e=28), 
temperature programing r a t e  of 0.5 K/s, K-treated Spherocarb powder 
w i t h  'k0, adsorbed ( e  I 1001) a t  6OoC. 

337 



- 

555 520 685 25 

Figure 13. P r o f i l e  o f  mass i n t e n s i t f e s  for  evolved 1 3 ~ 0 ~ ( ~ / ~  = 45).and 
'%02(m/e = 44). In tensi ty  scale  magnified 7 . 5 ~ .  same run as Figure 12. 

Figure 14. P r o f i l e  of mass i n t e n s i t y  f r evolved 13C0 (m/e = 29) a t  d i f ferent  
l o a d i n g  l e v e l s  (e i n  X)  of  'b,. 1. 6Z. 2, 161. 3, 52%. 4, 76%. 5, 
1001. 
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Figure 15. f’rofile of mass intensities for “CO desorption (m/e = 28) at different 
ramping rates ( 6 )  1, 0.083K/sec. 2. 0.125K/sec. 3. 0.167K/sec. 4. 
0.0333K/sec. 5, 0.5 Klsec. 
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Figure t 6 .  Plot of  I3CO desorption values from 420-500°C peak, AH from slope 45f3 
Kcal/mole. V1 = 4 ~ 1 0 ~ ~ .  
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Figure .17 .  P lo t  of “CO desorption v lues  from. 69OoC-75O0C peak, AH from slope 
73 i3  Kcal/mole, V1 = 2~10~ ’ .  
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Figure 18. P lo t  of 13C0 desorption alues from 65O’-69O4C peak, AH from slope - 
725 Kcal/mole. V1 - 2 ~ 1 0 ~ ~ .  
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INTRODUCTION 

The c a t a l y t i c  e f f e c t  o f  a l k a l i  metals on  t h e  g a s i f i c a t i o n  r a t e  Of  
carbonaceous m a t e r i a l s  has  been t h e  s u b j e c t  of a number o f  s t u d i e s  i n  r e c e n t  
y e a r s  (1-16).  Desp i t e  t h e s e  e f f o r t s ,  t h e  a c t i v e  form of t h e  c a t a l y s t  d u r i n g  
g a s i f i c a t i o n  a n d  t h e  e f f e c t s  o f  c a t a l y s t  l o s s  r e m a i n  u n c l e a r .  T h e  
understanding of t h e  r e d u c t i o n  o f  a l k a l i  m e t a l  c a t a l y s t s  f r o m  i t s  i n i t i a l  
o x i d i z e d  fo rm and t h e  i d e n t i f i c a t i o n  o f  t h e  r e d u c e d  fo rm a r e  n e c e s s a r y  
r e q u i s i t e s  f o r  determining t h e  r e a c t i o n  mechanism. Experimental  o b s e r v a t i o n s  
from t h i s  l a b o r a t o r y  c l e a r l y  . i nd ica t e  t h a t  cata!.yst loss occur s  s imul t aneous ly  
with t h e  r educ t ion  ( 1 2 ) .  I n  a d d i t i o n ,  t h e  r a t e  of c a t a l y s t  l o s s  from t h e  
s u r f a c e  i s  d i r e c t l y  i n f l u e n c e d  by t h e  r e d u c e d  fo rm i t  t a k e s .  The p r e s e n t  
s t u d y  p r o v i d e s  i n s i g h t  i n t o  t h i s  s u b j e c t  by e x a m i n i n g  t h e  r e d u c t i o n  of  
p o t a s s i u m  c a r b o n a t e  on  t h e  s u r f a c e  of a p u r e  c a r b o n  s u b s t r a t e  a n d  t h e  
accompanying phenomenon of c a t a l y s t  loss. 

EXPERIMENTAL 

An uncoated g r a p h i t i z e d  carbon from Supelco2 6 0 / 8 0  Carbopack  B (180-250 
p), with a s u r f a c e  a r e a  of approximately 100 m /g was u s e d  a s  t h e  s u b s t r a t e  
i n  t h i s  s tudy .  The samples were impregnated w i t h  p o t a s s i u m  by a n  i n c i p i e n t  
we t t ing  t echn ique ,  t hen  d r i e d  a t  room temperature  and s t o r e d  under vacuum. 

The d a t a  i n  t h i s  s t u d y  was gene ra t ed  i n  a thermogravimetr ic  r e a c t o r  system 
u t i l i z i n g  a n  e l e c t r o n i c  m i c r o b a l a n c e  and  a q u a r t z  downtube r e a c t o r  wh ich  
enclosed t h e  p l a t i n u m  s a m p l e  t r a y  a s  shown i n  F i g u r e  1 .  The o t h e r  m a j o r  
components were a movable e l e c t r i c  f u r n a c e ,  a t e m p e r a t u r e  c o n t r o l l e r  a n d  a n  
a u x i l i a r y  type  K thermocouple.  The s y s t e m  a l s o  i n c l u d e d  a g a s  p r e p a r a t i o n  
s e c t i o n  f o r  mixing and meter ing t h e  f e e d  gas  a t  t h e  d e s i r e d  c o m p o s i t i o n s  a n d  
flow r a t e s .  The r e a c t a n t  gas  was a mix tu re  of 15% C 0 2  and 85% N2. Ultra h i g h  
p u r i t y  ( U H P )  N 2  was used a s  t h e  purge gas .  The product  gases  were ana lyzed  by 
an  on - l ine  gas  chromatograph and nond i spe r s ive  i n f r a r e d  CO and C02 ana lyze r s .  

To p repa re  a run ,  20-30 mg'Of- Sample were  l o e d e d  o n t o  t h e  m i c r o b a l a n c e  
t r a y  and t h e  r e a c t o r  was placed i n  p o s i t i o n .  The system was p u r g e d  w i t h  UHP 
N t o  remove t h e  oxygen and t h e  f u r n a c e  was r a i s e d  t o  e n c l o s e  t h e  r e a c t o r .  
~ $ 0  heat-up procedures  were u s e d :  a l i n e a r  5OC/min r a t e  and a r a p i d  o n e  s t e p  
process  where t h e  f u r n a c e  was preheated t o  8OO0C and then  r a i s e d  t o  e n c l o s e  t o  
r e a c t o r .  
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RESULTS AND DISCUSSION 

To examine t h e  i n t e r a c t i o n  of t h e  p o t a s s i u m  c a t a l y s t  w i t h  t h e  c a r b o n  
s u r f a c e ,  a s e r i e s  of t e m p e r a t u r e  programmed r e a c t i o n  e x p e r i m e n t s  w e r e  
conducted where t h e  sample mass and t h e  r e a c t i o n  p r o d u c t s  were c o n t i n u a l l y  
monitored. F i g u r e  2 shows t y p i c a l  temporal  p r o f i l e s  f o r  t h e  CO and C 0 2  p e a k s  
when t h e  sample is h e a t e d  t o  800°C i n  a r educ ing  atmosphere a t  a moderate r a t e  
(5'C/min). For c l a r i t y  i n  d e s c r i b i n g  t h e  v a r i o u s  p rocesses  which occur  du r ing  
t h e  t r a n s i e n t  h e a t - u p  p e r i o d ,  t h e  r e s u l t s  a r e  d i v i d e d  i n t o  f i v e  s e p a r a t e  
s t ages .  

s t a g e  I occur s  below 25OoC and r e p r e s e n t s  t h e  phys ica l  deso rp t ion  of gases  
such as CO S tage  I1 (250-7OO0C)  corresponds t o  t h e  
evo lu t ion  8f very2small  amounts of C 0 2  due t o  t h e  p a r t i a l  decomposition of t h e  
c a t a l y s t  and p o s s i b l y  r e a c t i o n s  with chemisorbed oxygen. T h i s  is f o l l o w e d  by 
Stage I11 ( 7 0 0 - 8 O O 0 C )  where t h e  c a t a l y s t  is reduced t h r o u g h  i n t e r a c t i o n  w i t h  
t h e  carbon s u r f a c e  and l a r g e  amounts of CO a r e  gene ra t ed .  S t age  I V  r e p r e s e n t s  
an  i so the rma l  h e a t  t r e a t m e n t  per iod where t h e  sample i s  exposed  t o  UHP N a t  
800°C. Although no measurable  amounts of CO o r  C 0 2  a r e  o b s e r v e d  d u r i n g  $ h i s  
s t a g e ,  a s t e a d y  w e i g h t  l o s s  o c c u r s .  F i n a l l y ,  S t a g e  V r e p r e s e n t s  t h e  
g a s i f i c a t i o n  of t h e  carbon sample a t  800°C.  

When a f r e s h l y  impregnated sample is hea ted  t o  2 5 0 ° C  ( S t a g e  I ) ,  b o t h  C 0 2  
and H 0 a r e  desorbed.  The amount of CO gene ra t ed ,  normalized wi th  r e s p e c t  t o  
t h e  i g i t i a l  amount of ca rbon  p r e s e n t ,  is g iven  i n  F i g u r e  3 a s  a f u n c t i o n  of 
t h e  i n i t i a l  potassium l e v e l ,  ( K / C )  . A l i n e a r  response is observed where one  
mole o f  CO T h i s  
l i n e a r i t y  c s e a r l y  i n d i c a t e s  t h a t  t h e  potassium s t r o n g l y  in f luences  t h e  amount 
Of CO adsorbed and t h e  s t o i c h i o m e t r y  s u g g e s t s  t h a t  e a c h  mole of  p o t a s s i u m  
carbogate  i n t e r a c t s  w i t h  o n e  mole  o f  CO d e s o r b e d  was 
independent of t h e  ra te  a t  which t h e  sampl'e was heated t o  250 6. The s c a t t e r  
i n  t h e  d a t a  i m p l i e s  t h a t  o t h e r  f a c t o r s  may i n f l u e n c e  t h e  amoun t  o f  C02 
adsorbed. 

A S  t h e  sample t empera tu re  approaches  7 O O 0 C ,  CO b e g i n s  t o  e v o l v e  a s  t h e  
Ca ta lys t  is reduced on t h e  carbon s u r f a c e  ( S t a g e  111). The t o t a l  amount of CO 
gene ra t ion  i s  shown i n  F igu re  4 where t h e  CO/C r a t i o  is given as a f u n c t i o n  of 
t h e  i n i t i a l  K/C r a t i o .  For each sample,  t h r e e  moles of CO were g e n e r a t e d  f o r  
e a c h  mole of p o t a s s i u m  c a r b o n a t e  o r i g i n a l l y  p r e s e n t  i n d i c a t i n g  c o m p l e t e  
r educ t ion  of t h e  ca rbona te :  

and H 0 from t h e  s u r f a c e .  

is d e s o r b e d  f o r  eve?y two m o l e s  o f  p o t a s s i u m  p r e s e n t .  

The amount  of C g  

K2C03 + 2 C = 2 'KC'  + 3CO 1 )  

where 'KC' r e p r e s e n t s  t h e  reduced.form. The n a t u r e  o f  t h i s  r e d u c e d  form is  
not c l e a r l y  known b u t  one  p o s s i b i l i t y  is a complex invo lv ing  K ,  C and poss ib ly  
0. This  unknown complex r e a d i l y  decomposes i n  t h e  700-8OO0C temperature  range 
under r educ ing  c o n d i t i o n s  and r e l e a s e s  a l k a l i  m e t a l  vapor  t o  t h e  g a s  p h a s e .  
The t o t a l  amount of CO gene ra t ed  du r ing  t h i s  s t a g e  was t h e  same w h e t h e r  t h e  
Sample was hea ted  a t  a moderate r a t e  o r  i n  one r a p i d  s t e p  d i r e c t l y  from room 
temperature  to  80oOc. For t h e  samples wi th  an i n i t i a l  c a t a l y s t  c o n c e n t r a t i o n  
high enough t o  s a t u r a t e  t h e  s u r f a c e ,  t h e  r a t e  of CO g e n e r a t i o n  r e a c h e d  a 
maximum independent  of t h e  i n i t i a l  l o a d i n g  and r e m a i n e d  c o n s t a n t  u n t i l  t h e  
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r educ t ion  was n e a r l y  complete a t  which t ime a normal f i rs t  o r d e r  decay p r o f i l e  
was observed. I n  o t h e r  words, by doubl ing t h e  i n i t i a l  c a t a l y s t  c o n c e n t r a t i o n ,  
t h e  time f o r  c o m p l e t e  c a t a l y s t  r e d u c t i o n  would a l s o  b e  d o u b l e d .  T h i s  
phenomenon s u g g e s t s  t h a t  t h e  r a t e  is l i m i t e d  by t h e  a v a i l a b l e  s u r f a c e  a r e a .  

To ana lyze  t h e  k i n e t i c s  of c a t a l y s t  l o s s  by v a p o r i z a t i o n ,  t h e  c h a n g e  i n  
t h e  p o t a s s i u m  c o n t e n t  o f  s e v e r a l  s a m p l e s  u n d e r g o i n g  h e a t  t r e a t m e n t  was 
determined b o t h  by d i r e c t  a n a l y s i s  of t h e  s a m p l e s  a f t e r  q u e n c h i n g  a n d  by 
i n d i r e c t  d e t e r m i n a t i o n  by w e i g h t  l o s s  m e a s u r e m e n t s .  A t y p i c a l  o v e r a l l  
temporal p r o f i l e  o f  c a t a l y s t  l o s s  when a s a m p l e  i m p r e g n a t e d  w i t h  p o t a s s i u m  
ca rbona te  is g r a d u a l l y  hea ted  t o  8OO0C i n  a r e d u c i n g  a t m o s p h e r e  i s  shown i n  
F igu re  5. For comparison, a sample impregnated w i t h  p o t a s s i u m  h y d r o x i d e  is  
a l s o  given.  The r e s u l t s  i n d i c a t e  t h a t  a l a r g e  f r a c t i o n  o f  t h e  c a t a l y s t  is  
l o s t  i n  a narrow t e m p e r a t u r e  r a n g e  a r o u n d  8OO0C, d e n o t e d  by S t a g e  I11 i n  
F igu re  2. 

Many i n v e s t i g a t o r s  have sugges t ed  t h a t  a l k a l i  me ta l  c a t a l y z e d  g a s i f i c a t i o n  
i n v o l v e s  a p r o c e s s  w h e r e  t h e  c a t a l y s t  c o n t i n u a l l y  u n d e r g o e s  a n  
ox ida t ion / r educ t ion  c y c l e  (7,13). The c a t a l y s t ,  a f t e r  f i r s t  b e i n g  r e d u c e d  
du r ing  t h e  t r a n s i e n t  s t a r t - u p  p e r i o d ,  is ox id ized  upon t h e  i n t r o d u c t i o n  o f  CO 
and produces a CO p r o f i l e  c h a r a c t e r i z e d  by a n  o v e r s h o o t .  The o x i d i z e d  fort? 
t hen  i n t e r a c t s  with t h e  carbon s u r f a c e  t o  l i b e r a t e  a n o t h e r  CO t h u s  r e t u r n i n g  
t o  t h e  reduced form complet ing t h e  cyc le .  Moulijn e t  a l .  (1 ,5 )  have d e s c r i b e d  
t h i s  p rocess  wi th  a s imple  two s t e p  r e a c t i o n  sequence: 

'KC' + C02 = 'KCO' + CO 
'KCO' + C = 'KC' + CO 

2 )  
3) 

where 'KC' r e p r e s e n t s  t h e  r e d u c e d  form a n d  'KCO' t h e  o x i d i z e d  f o r m .  A 
suppor t ing  obse rva t ion  f o r  t h i s  t y p e  of mechanism i s  a s l i g h t  w e i g h t  g a i n  
which accompanies t h e  CO overshoot  a t  t h e  o n s e t  o f  g a s i f i c a t i o n  due  t o  t h e  
o x i d a t i o n  of t h e  reduced form of t h e  c a t a l y s t .  

Regardless  of t h e  exac t  chemical form of t h e  c a t a l y s t  f o l l o w i n g  S tage  111, 
i t  seems t h a t  t h e  fo rma t ion  of t h e  reduced c a t a l y s t  is a p r e r e q u i s i t e  f o r  t h e  
observed r a p i d  w e i g h t  l o s s  of c a t a l y s t  a r o u n d  80OoC. I n  f a c t ,  t h e  r a p i d  
weight l o s s  does no t  seem t o  be d i r e c t l y  r e l a t e d  t o  t h e  me l t ing  p o i n t  of K CO 
(891OC). Rathe r ,  i t  is due t o  t h e  f a c t  t h a t  a t  t h i s  t empera tu re  t h e  c a t a ? y s 2  
is r a p i d l y  converted t o  i ts reduced fo rm which  is r e a d i l y  v a p o r i z e d .  T h i s  
s p e c u l a t i o n  is suppor t ed  by t h e  r e s u l t s  ob ta ined  from samples impregnated with 
KOH. A s  shown i n  F i g u r e  5 ,  t h e  KOH s a m p l e  shows t h e  same r a p i d  l o s s  o f  
c a t a l y s t  around 8OO0C even though KOH has a me l t ing  po in t  of o n l y  38OoC. 

I n  c o n c l u s i o n ,  t h e  p r o c e s s  of c a t a l y s t  r e d u c t i o n  a p p e a r s  t o  b e  a n  
a c t i v a t e d  one which r e q u i r e s  i n t i m a t e  c o n t a c t  w i t h  a c t i v e  s i t e s  S O  t h a t  f o r  
samples which a r e  i n i t i a l l y  s a t u r a t e d  with c a t a l y s t ,  t h e  r a t e  of r e d u c t i o n  i s  
l i m i t e d  by t h e  a v a i l a b l e  s u r f a c e  a r e a .  The amount of CO gene ra t ed  du r ing  t h i s  
process  i n d i c a t e s  t h a t  t h e  c a t a l y s t  i s  c o m p l e t e l y  r e d u c e d .  F u r t h e r m o r e ,  
c a t a l y s t  l o s s  k i n e t i c s  sugges t  t h a t  t h e  f o r m a t i o n  o f  a r e d u c e d  f o r m  of t h e  
c a t a l y s t  is a p r e r e q u i s i t e  f o r  r a p i d  v a p o r i z a t i o n  and escape t o  t h e  g a s - p h a s e .  
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Figure  1 .  Schematic diagram-of t h e  Cahn microbalance  system. 
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CHARACTERIZATION OF POTASSIUM CATALYSTS ADDED AS KOH TO CARBON SURFACES 
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ABSTRACT 

Potassium c a t a l y s t s  a c t i v e  toward g a s i f i c a t i o n  o f  carbon by 90 and 
CO2 can be generated by a d d i t i o n  o f  KOH t o  carbon. We have cha rac te r i zed  the 
c o n t r o l l e d  a d d i t i o n  o f  KOH t o  the edge sur face of  g raph i te  and the  sur face o f  
a glassy carbon us ing AES, XPS and UPS. Submonolayer concentrat ions o f  
potassium-oxygen sur face species are formed from KOH on pre-ox id ized edge 
g raph i te  and glassy carbon surfaces which are s t a b i l i z e d  t o  8OO0C i n  vacuum. 
These surfaces have two O(1S) peak envelopes centered near 531 eV and 533 
eV. The higher b ind ing  energy peak i s  c h a r a c t e r i s t i c  o f  oxygen s t r o n g l y  bound 
t o  carbon. Heating t o  950' C r e s u l t s  i n  t h e  l oss  o f  potassium and the lower 
b ind ing energy oxygen peak associated w i t h  the  p o t a s s i m  c a t a l y s t .  In con- 
t r a s t  the i n t e r a c t i o n  o f  KOH w i t h  t h e  a tomica l l y  c lean edge g raph i te  sur face 
does not  produce the a c t i v e  potassium form. The i n i t i a l  oxygen content  o f  the 
carbon sur face i s  impor tant  i n  c a t a l y s t  p repara t i on  from KOH. 

INTRODUCTION 

Addi t ions o f  a l k a l i  metal s a l t s  t o  carbon are known t o  produce 
c a t a l y t i c  e f f e c t s  toward g a s i f i c a t i o n  by C02 or H20 .(1-7). KOH and K2C03 are 
espec ia l l y  a c t i v e  precursors t o  c a t a l y t i c a l l y  a c t i v e  s ta tes  on t h e  carbon 
surface (8). The c a t a l y t i c  form can be prepared by heat ing a m ix tu re  o f  t he  
sample and the  s a l t  i n  t h e  reac t i ve  gaseous environment. I n  k i n e t i c  s tud ies  
t h i s  i s  usua l l y  a temperature greater  than the maximum i n  the range used f o r  
the k ine t i cs .  The potassium c a t a l y s t  when i n  an a c t i v e  form i s  be l i eved  t o  be 
mobile on the  carbon surface ye t  s tab le  t o  vapor i za t i on  under g a s i f i c a t i o n  
condi t ions.  The c a t a l y s t ' s  s t a b i l i t y  i s  demonstrated by the  r e t e n t i o n  o f  
potassium f o l l o w i n g  prolonged heat ing i n  an i n e r t  environment a t  t he  reac t i on  
temperature o f  700'C subsequent t o  g a s i f i c a t i o n  (9) .  The a c t i v e  potassium 
form i s  found t o  be associated w i t h  sur face bound oxygen based on a k y l a t i o n  
s tud ies (9,lO). A b e t t e r  understanding o f  potassium cata lyzed carbon g a s i f i -  
ca t i on  w i l l  come from more knowledge o f  t he  d e t a i l s  o f  t he  potassium complex 
and the carbon sur face composition. For  t h i s  reason the  i n i t i a l  i n t e r a c t i o n  
o f  a l k a l i  s a l t s  such as KOH w i t h  we l l  def ined carbon subst rates a re  o f  funda- 
mental i n t e r e s t .  

The importance o f  t h e  oxygen content  i n  r e l a t i o n  t o  t h e  c a t a l y t i c  
g a s i f i c a t i o n  a c t i v i t y  o f  KOH and $C03 toward var ious carbons has been re-  
c e n t l y  emphasized (11,lZ). The clean oxygen f r e e  edge sur face o f  g raph i te  was 
s tud ied under u l t r a  high vacuum cond i t i ons  i n  order t o  i s o l a t e  the  pure i n t e r -  
ac t i on  o f  KOH w i t h  a c t i v e  carbon surface s i t e s .  The i n t e r a c t i o n  o f  KOH f i l m s  
contaminated by exposure t o  H20 or O2 was s tud ied  on the "passive" basal 
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sur face o f  g raph i te  t o  determine t h e  i n f l uence  o f  d i r e c t  KOH ox idant  i n t e r -  
ac t i on  i n  the  absence of "ac t i ve "  carbon s i t e s .  I n  t h i s  way the chemistry o f  
KOH w i t h  pre-ox id ized carbon surfaces could be d i f f e r e n t i a t e d .  

EX PER MENTAL 

Experiments were performed i n  a standard u l t r a - h i g h  vacuum spectro- 
scopy chamber. A double-pass cy1 i n d r i c a l  m i r r o r  analyzer (Phys ica l  Elec- 
t r o n i c s )  was used f o r  AES, XPS and UPS measurements. The d e t a i l s  o f  the sample 
preparat ion and c h a r a c t e r i z a t i o n  o f  the oxygen-free edge surface o f  g raph i te  
and glassy carbon can be found i n  previous communications (13,14). Two d i f -  
f e r e n t  sample ho lde rs  were used i n  the  study. One was a standard UHV manipu- 
l a t o r  which could access a KOH evaporation source. The d e t a i l s  o f  the KOH 
evaporation source used i n  the UhV s tud ies appear elsewhere (15). The other  
ho lde r  was a Leybold Heraeus design which a l lowed r a p i d  i n t r o d u c t i o n  o f  
samples from atmospheric pressure t o  the  UHV environment. The carbon samples 
were ox id ized i n  Oi, a t  300'C i n  an i s o l a t e d  h igh  pressure preparat ion 
sect ion.  The o x i d a t i o n  k i n e t i c s  by 0 of t h e  edge g raph i te  surface and glassy 
carbon have been examined and condiZions chosen which produced subs tan t i a l  
amount o f  sur face ox ida t i on .  

N i t r i c  a c i d  ox ida t i on  o f  t h e  g lassy carbon samples was accomplished 
by b o i l i n g  the samples fo r  4 hours i n  H N 4  under r e f l u x  condi t ions.  KOH was 
added t o  carbon sur faces i n  l abo ra to ry  a i r  by p h y s i c a l l y  con tac t i ng  t h e  carbon 
surface i n  a i r  w i t h  a mois t  KOH p e l l e t .  Th is  formed a l i q u i d  coat ing across 
t h e  e n t i r e  carbon surface. The procedure was accomplished w i t h i n  one minute 
and the sample was re tu rned  t o  the UHV environment by use o f  the rap id  i n t r o -  
duc t i on  sample holder .  

RESULTS 

I .  KOH on Basal Graph i te  With H90 and O7 

When KOH i s  used as the precursor  i n  g a s i f i c a t i o n  c a t a l y s i s  i t  i s  
usua l l y  added from s o l u t i o n  or  d i r e c t l y  added i n  atmospheric condi t ions.  
Furthermore, t he  carbon surfaces w i t h  the s a l t  precursor are exposed t o  the  
o x i d i z i n g  reac tan t  gaseous environment p r i o r  t o  react ion.  These are p o t e n t i a l  
sources for  chemical mod i f i ca t i on  o f  parent KOH. I n  order  t o  examine the  
ef fect  of d i r e c t  KOH gas i n t e r a c t i o n s  we have performed model experiments on 
t h e  basal plane of g raph i te .  The basal sur face o f  p y r o l y t i c  g raph i te  conta ins 
a preponderance of  " i n a c t i v e "  carbon s i t e s  and prov ides a s u i t a b l e  surface t o  
examine d i r e c t  KOH gas i n te rac t i ons .  We have found t h a t  t h e  surfaces o f  pure 
KOH f i lms  evaporated i n - s i t u  i n  the UHV chamber w i l l  r a p i d l y  take up oxygen 
from exposure t o  %O a v t  room temperature. 

The KOH f i l m s  exposed t o  H20 and O2 on the basal g raph i te  sur face 
had only s l i g h t l y  g r e a t e r  thermal s t a b i l i t i e s  toward desorpt ion i n  UHV than 
those found f o r  pure KOH f i l m s .  The vapor pressure o f  pure KOH i s  subs tan t i a l  
above 30OOC. This i s  a l so  t r u e  f o r  surfaces w i t h  KOH added i n  atmosphere. 
Fol lowing KOH a d d i t i o n  i n  a i r  H20 was the major gaseous species produced a long 
w i t h  KOH upon hea t ing  i n  UHV. Clean basal g raph i te  surfaces were recovered 
upon heat ing t o  5OOOC i n  vacuum. 
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.Add i t i on  o f  KOH t o  carbon i n  a i r  w i l l  t h e r e f o r e  always i n t roduce  
oxygen con ta in ing  gases i n t o  the system. Basal g raph i te  surfaces which have 
been contacted by KOH i n  a i r  have s i m i l a r  thermal s t a b i l i t i e s  t o  t h e  b0 and 
02 exposed pure KOH f i lms .  Although prolonged atmospheric exposure o f  KOH 
leads t o  the uptake o f  C02 and format ion o f  potassium carbonate, our  exposures 
t o  a i r  were shor t .  Potassium carbonate format ion should show i t s e l f  by i n -  
creased thermal s t a b i l i i t y  o f  t he  potassium species s ince bulk  potassium 
carbonate decomposes at  much h igher  temperature. We could not f i n d  any e v i -  
dence f o r  apprec iab le carbonate formation. 

11. KOH On Clean Edge Graphi te  

We have s tud ied t h e  i n t e r a c t i o n  o f  KOH on the clean edge Yraphi te  
sur face t o  determine i f  s'table potassium s ta tes  are formed on an a c t i v e "  
carbon surface i n  t h e  absence o f  oxygen. The potassium, oxygen and carbon AES 
s igna ls  were monitored as a func t i on  o f  coverage f o l l o w i n g  KOH depos i t i on  on 
the  oxygen f ree  edge sur face o f  g raph i te  he ld  a t  room temperature and fo l l ow-  
i n g  heat ing i n  vacuum. We w l l  r e p o r t  our  AES r e s u l t s  i n  the dN(E)/dE mode 
normalized t o  the carbon subs t ra te  s igna l  which c i  rcumvents problems associ- 
ated w i t h  absolute i n t e n s i t y  c a l i b r a t i o n s .  These r e s u l t s  are shown i n  F igu re  
1 and are compared t o  the  r e s u l t s  obtained on the basal sur face i n  a prev ious 
i n v e s t i g a t i o n  (15). 

The s tud ies  on the  basal g raph i te  sur face establ ished t h a t  a 1:l O:K 
sto ich iometry  was maintained dur ing roan temperature depos i t i on  and subsequent 
heat ing i n  vacuum. On t h e  basal suface o f  g raph i te  an AES K/C r a t i o  -0.4 
corresponded t o  a sur face w i t h  a coverage o f  one KOH per e igh t  carbon atoms. 
On t h i s  basis the  present AES r e s u l t s  f o r  KOH on the  edge sur face i n d i c a t e  
t h a t  a 1:l O:K sto ich iometry  e x i s t s  a t  m u l t i l a y e r  as we l l  as submonolayer 
coverages dur ing t h e  depos i t i on  near room temperature and a f t e r  heat ing i n  
u l t r a  h igh vacuum t o  temperatures where the  l oss  o f  potassium and oxygen 
occurs. 

The coverage o f  KOH was monitored by AES fo l l ow ing  heat ing t o  a 
given temperature f o r  300 sec i n  UHV. The i n i t i a l  coverage corresponded t o  a 
KJC r a t i o  near 2.0 and represents an amount i n  excess o f  a monolayer. The KOH 
coverage remains almost constant as t h e  sur face temperature neared 200'C. The 
potassium s ignal  decreased between 200-500OC. Above 3OOOC t h e  vapor pressure 
o f  KOH i s  subs tan t i a l  and t h i s  i s  one l i k e l y  mode o f  m u l t i l a y e r  l o s s  at  these 
temperatures. Submonolayer coverages o f  KOH p e r s i s t  i n  the  range o f  400OC. 
The presence o f  submonolayer concentrat ions o f  adsorbate a t  these h ighe r  
temperatures i s  a t t r i b u t e d  t o  a s t a b i l i z i n g  i n t e r a c t i o n  w i t h  the  carbon sub- 
s t r a t e .  The same type o f  behavior was observed f o r  pure KOH on the basal 
surface o f  grapi te .  KOH i n t e r a c t s  w i t h  t h e  oxygen f r e e  edge g r a p h i t e  sur face 
i n  a manner which does no t  produce s t rong ly  bound potassium-oxygen sur face 
compl exes. 

111. KOH on Oxidized Edge Graphi te  

We have determined the  sur face elemental composit ion and t h e  thermal 
s t a b i l i t y  o f  t he  potassium con ta in ing  species on the  ox id i zed  edge sur,face o f  
g raph i te  prepared by adding KOH external  t o  the  vacuum system i n  a i r .  The 
edge surface o f  g raph i te  was f i r s t  ox id i zed  i n  pure 0 a t  3OOOC near atmos- 
phe r i c  pressure and then t h e  KOH was added. This  metho% o f  p repara t i on  o f  t he  
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KOH over layer  has a dramatic e f f e c t  on the  thermal s t a b i l i t y  o f  the potassium 
complex. The s i n g l e  l a y e r  coverage range, AES WC -0.4. p e r s i s t s  between 700- 
800°C. The potassium i s  u l t i m a t e l y  l o s t  a t  temperatures above 800OC. The 
s t a b i l i t y  o f  potassium i s  very d i f f e r e n t  on t h e  ox id i zed  edge g raph i te  sur- 
face. There are a l s o  major composit ional changes i n  the  KOH over layer  as wel l  
as i n  the carbon sur face.  F igure 1 shows t h e  oxygen and potassium A B  s ignals  
r e l a t i v e  t o  the  carbon subs t ra te  s ignal  f o r  t he  ox id ized sample contacted w i t h  
KOH. The s o l i d  l i n e s  i n  F igure 1 represent i n t e g r a l  oxygen t o  potassium 
s to i ch iomet r i c  values as def ined from t h e  prev ious resu l t s .  I n  the high 
coverage m u l t i l a y e r  regime the KOH over layer  has between 2 and 3 t imes the 
oxyen content as the  s to i ch iomet r i c  KOH compound. This i s  evidence t h a t  the 
KOH l aye rs  have taken up and reta ined subs tan t i a l  q u a n t i t i e s  o f  oxygen species 
from atmospheric gases, predominantly H20. Upon heat ing t h e  sample i n  UHV the 
over layer  coverage decreases and t h e  potassium content decreases. F igure 1 
show? t h a t  as t h e  potassium coverages decrease i n t o  a submonolayer regime, AES 
K/C -0.4, t he re  i s  a subs tan t i a l  amount o f  oxygen present as measured by AES 
several t imes t h e  1:l sto ich iometry .  A good p o r t i o n  o f  t h i s  oxygen i s  associ- 
ated w i t h  the carbon subst rate.  The carbon surface i s  heav i l y  ox id ized.  This 
has a profound e f f e c t  on the vacuum s t a b i l i t y  o f  t h e  potassium species i n  the 
submonolayer coverage range. Oxygen appears t o  be associated w i t h  the  species 
s ince the re  i s  a corresponding loss o f  a p o r t i o n  o f  t he  oxygen. 

I V .  KOH On Oxid ized Glassy Carbon 

The method o f  KOH a d d i t i o n  t o  ox id i zed  glassy carbon sur face was the 
same as on the ox id i zed  edge surface. This method o f  p repara t i on  was a lso 
used t o  add KOH t o  g lassy carbon samples which were found t o  be c a t a l y t i c a l l y  
a c t i v e  toward C02 carbon g a s i f i c a t i o n  (16). 

We w i l l  compare the  r e s u l t s  f o r  glassy carbon samples which were 
ox id ized d i f f e r e n t l y .  One method was o x i d a t i o n  i n  O2 at  300'C which was the 
same method p r e v i o u s l y  used, t h e  o t h e r  was ox ida t i on  by HN03 and produced a 
surface which was ox id i zed  t o  a greater  ex ten t .  F igure 2 conta ins the  r e s u l t s  
o f  the thermal s t a b i l i t y  experiments f o l l o w i n g  heat ing f o r  300 sec i n  UHV at 
each temperature. I n  both cases a coverage greater  than a monolayer was 
deposited and subsequently heated i n  UHV. The m u l t i l a y e r  coverages were l o s t  
i n  the 500-600OC range on t h e  O2 ox id i zed  subst rate.  This i s  s i m i l a r  t o  the  
r e s u l t s  on the  HN03 ox id i zed  sample which are not shown. In  both cases the 
potassium Auger s i g n a l  p e r s i s t s  t o  much h igher  temperatures. The potassium 
l e v e l s  are approx imate ly  th ree  t imes g rea te r  f o r  t he  HN03 ox id i zed  sample f o r  
t he  02 case a t  any g iven temperature. There are d i f f e rences  i n  the  surface 
elemental composit ion o f  these samples. F igure 3 shows the oxygen and potas- 
sium AES s i g n a l s  r e l a t i v e  t o  the  carbon subs t ra te  s igna l  f o r  the two 
samples. The s o l i d  l i n e s  i n  F igure 3 represent  i n t e g r a l  oxygen t o  potassium 
s to i ch iomet r i c  values as def ined frm the prev ious r e s u l t s  contained i n  F igure 
1 based on 1:l oxygen t o  potassium KOH s to ich iometry .  I n  the  high coverage 
m u l t i l a y e r  regime t h e  KOH ove r laye r  has between 2 and 3 t imes t h e  oxygen 
content as the  s t o i c h i o m e t r i c  KOH compound independent o f  t he  method o f  glassy 
carbon preox idat ion.  This i s  again evidence t h a t  the KOH laye rs  have taken up 
subs tan t i a l  q u a n t i t i e s  o f  oxygen conta in ing gases from the  a i r .  Upon heat ing 
the sample i n  UHV the  over layer  coverage decreases and the potassium content 
decreases. F igure 3 shows t h g t  as the potassium coverages decrease i n t o  a 
submonolayer regime, AES K/C -0 .4 ,  t he re  i s  a subs tan t i a l  amount o f  oxygen 
present which i s  g rea te r  than a 1 : l  s to i ch iomet ry  as measured by AES. We see 
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t h a t  as the amount of potassium decreases i n  the  low coverage regime t h e r e  i s  
a corresponding loss of a f r a c t i o n  o f  the oxygen present .  As i n  the case w i t h  
the  edge g raph i te  subst rate oxygen appears t o  be associated w i t h  the  potassium 
species. I n  both glassy carbon samples the  carbon sur face remains h e a v i l y  
ox id i zed  f o l l o w i n g  the  loss o f  potassium. The oxygen Auger s igna l  f o r  the 
HNO oxid ized sample i s  s l i g h t l y  more than double t h a t  o f  the sample ox id i zed  
i n  $. This r e f l e c t s  t h e  d i f f e r e n t  extents  o f  i n i t i a l  ox idat ion.  The vacuum 
s t a b i l i t y  o f  t he  potassium species i s  enhanced on the more ox id i zed  surface. 
The degree o f  carbon surface ox ida t i on  i s  r e l a t e d  t o  the  s t a b i l i t y  Of  t he  
potassium species generated frm KOH. 

We have used XPS i n  order  t o  cha rac te r i ze  t h e  e l e c t r o n i c  s t r u c t u r e  
o f  the ox id ized glassy carbon surfaces a f t e r  KOH add i t i on  and thermal t r e a t -  
ment i n  vacuum. The 
O(1S) XPS spect ra was recorded f o l l o w i n g  5 min heat ing t o  the  temperature 
shown i n  Figure 4. As p rev ious l y  determined by AES the  500'C spectrum corres-  
ponds t o  m u l t i l a y e r s  o f  the potassium con ta in ing  over layer .  The 5 0 0 Y  spec- 
t rum has a FWHM o f  2.4 eV and a B.E. o f  531.7 eV w i t h  respect  t o  the  Fermi 
l eve l .  This i s  c lose t o  the  value repor ted f o r  KOH (17) .  We know t h a t  t he  
KOH over layer  conta ins more than t h e  s to i ch iomet r i c  amount o f  oxygen y e t  we 
are unable t o  resolve d i f f e r e n t  oxygen(1S) peaks. Upon hea t ing  t o  800°C the  
over layer  concentrat ion was decreased i n t o  the  monolayer regime. The 800°C 
XPS s p e c t r m  shows a broad O(1S) s igna l ,  FWHM - 4.5 eV. There appears t o  be 
two O(1S) peak envelopes, one centered near 531 eV, the  o the r  a t  533 eV. 
Heating t o  95OoC r e s u l t s  i n  the loss  o f  potassium. A O(1S) peak centered near 
533 eV remains and t h i s  value i s  associated w i t h  oxygen s t r o n g l y  bound t o  
glassy carbon. The 531 eV O(1S) peak occurs i n  the  presence submonolayer 
concentrat ions o f  potassium. The work func t i on  o f  t h e  d i f f e r e n t  g lassy carbon 
surfaces were determined from photoelect ron spectroscopy. The c lean glassy 
carbon surface had a work func t i on  o f  4.2 eV. Oxidat ion by O2 increases the  
work func t i on  t o  4.4 eV and increases f u r t h e r  on a heav i l y  ox id i zed  HN03 
sample t o  a value o f  4.5 eV. The ox id i zed  g lassy carbon su r face  w i t h  the  
potassium complex corresponding t o  t h e  BOO'C XPS spectrum showed a work 
func t i on  decrease t o  3.6 eV. I f  these values are used t o  est imate b ind ing  
energies o f  the oxygen (1s) peaks w i t h  respect t o  the  vacuum l e v e l  we f i n d  
almost a three eV b ind ing  energy d i f f e r e n c e  between the  oxygen associated w i t h  
the  potassium species and oxygen bound t o  carbon. Lower b ind ing  energies o f  a 
g iven element are genera l l y  i d e n t i f i e d  w i t h  more e l e c t r o p o s i t i v e  e l e c t r o n i c  
environments. The carbon sur face w i t h  the potassium complex t h e r e f o r e  shows 
oxygen i n  two genera l l y  d i f f e r e n t  e l e c t r o n i c  environments: one associated 
w i t h  potassium and i n  an e l e c t r o p o s i t i v e  environment; t he  o the r  i n  a more 
e lec t ronega t i ve  environment which i s  t y p i c a l l y  observed on t h e  potassium-free 
surface. 

KOH was added t o  an HN03 ox id i zed  glassy carbon sample. 

DISCUSSION 

We have s tud ied the  i n t e r a c t i o n  o f  KOH on clean g raph i te  sur faces i n  
order  t o  i s o l a t e  the  pure i n t e r a c t i o n  o f  KOH and carbon. AES r e s u l t s  show 
t h a t  a constant 1:l oxygen t o  potassium sto ich iometry  i s  maintained throughout 
deposi t ion w i t h  the edge g raph i te  sur face he ld  a t  3OoC independent of coverage 
as wel l  as a f t e r  hea t ing  i n  vacuum t o  produce submonolayer.coverages. On the  
basal surface o f  g raph i te  submonolayer coverages o f  KOH were the rma l l y  s t a b l e  
above the  me l t i ng  po in t  o f  s o l i d  KOH where t h e  KOH vapor pressure i s  substan- 
t i a l .  Likewise the r e s u l t s  on the  edge sur face show an increased s t a b i l i t y  
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f o r  the adsorbate a l ow  concentation. Submonolayer concentrat ions o f  potas- 
sium species p e r s i s t  up t o  500'C. Our r e s u l t s  are consis tent  w i t h  the p i c t u r e  
t h a t  KOH i n t e r a c t s  r e v e r s i b l y  w i t h  t h e  edge sur face o f  graphi te .  The 
adsorbate i s  s t a b i l i z e d  w i t h  respect t o  s o l i d  KOH by the i n t e r a c t i o n  w i t h  the 
carbon substrate. Pure KOH over layers on t h e  edge g raph i te  surface do not 
form s tab le  adsorpt ion s ta tes  above 500OC. 

The i n t e r a c t i o n  o f  +O and 0, w i t h  a pure KOH over layer  on the  basal 
surface o f  g raph i te  emphasize d i r e c t  s a l t  gas i n t e r a c t i o n s .  The KOH sur face 
was very a c t i v e  toward The i r  presence does not  d i r e c t l y  

t i a l l y  clean basal g r a p h i t e  surfaces are recovered upon hea t ing  i n  UHV t o  
500'C. The i n t e r a c t i o n  o f  KOH w i t h  H20 o r  O2 on a passive basal g raph i te  
sur face i s  not s u f f i c i e n t  t o  produce potassium species which are s t a b i l i z e d  
w i t h  respect t o  vacuum a t  h igh  temperatures. 

The i n t e r a c t i o n  of,, H20, and KOH w i t h  t h e  "passive" basal graphi te  
surface or  KOH alone on an ac t i ve "  edge g raph i te  sur face does not  generate 
potassium species which a re  s t a b l e  above 500OC. Oxygen a l ready bound t o  
carbon i s  an impor tan t  element i n  determining the format ion o f  s tab le  potas- 
sium species. C a t a l y t i c  precursor  a l k a l i  s a l t s  are genera l ly  added t o  carbons 
under o x i d i z i n g  cond i t i ons  o f  the gaseous environment or  the carbon surface. 
The edge g raph i te  and glassy carbon surfaces were p reox id i zed  t o  introduced 
oxygen s t rong ly  bound t o  carbon. The i n t e r a c t i o n  o f  KOH w i t h  these surface 
produces potassium c o n t a i n i n g  over layers w i t h  enhanced thermal s t a b i l i t y .  
Only submonolayer concen t ra t i on  o f  a potassium complex remained above 700OC. 
The concentrat ion o f  these species was increased w i t h  the  ex ten t  o f  carbon 
preox idat ion.  The potassium form e x i s t s  on a carbon surface t h a t  i s  heav i l y  
oxidized. The carbon sur face w i t h  t h e  potassium complex shows oxygen i n  two 
d i f f e r e n t  e l e c t r o n i c  environments. One i s  associated w i t h  potassium i s  i n  an 
e l e c t r o p o s i t i v e  environment. The o the r  i s  i n  a more e lec t ronega t i ve  envi ron- 
ment which i s  t y p i c a l l y  observed on the  potassium-free surface. We cannot 
d i s t i n g u i s h  from these r e s u l t s  i f  potassium i s  bound t o  oxygen which i s  on the 
carbon surface from potassican which i n t e r a c t s  w i t h  carbon and promotes the  
formation of oxygen i n  a more e l e c t r o p o s i t i v e  con f igu ra t i on  bound t o  carbon. 
I n  the l a t t e r  case t h i s  form o f  oxygen might e x i s t  on the carbon sur face alone 
o r  promoted by m a t e r i a l s  o the r  than potassium. Species where potassium binds 
t o  t h e  surface through oxygen, C-0-K have been pos tu la ted  t o  e x i s t  on 
cata lyzed carbon sur faces (10,12,18). I n  the  other  i n t e r p r e t a t i o n  potassium 
would be considered an adsorbate which i n t e r a c t s  w i t h  an ox id ized carbon 
s i t e .  I n  e i t h e r  case i t  i s  the i n i t i a l  o x i d a t i o n  o f  carbon which leads t o  
t h e i r  format ion from KOH. 

It i s  genera l l y  agreed t h a t  no s i n g l e  mechanism can be used t o  
i n t e r p r e t  a l l  of t he  many d i f f e r e n t  mani festat ions o f  c a t a l y t i c  carbon g a s i f i -  
cat ion.  The oxygen t ransference mechanism has been widely used t o  exp la in  
a l k a l i  cata lyzed carbon g a s i f i c a t i o n  (1,19). The a c t i o n  o f  t he  c a t a l y s t  i s  t o  
form in termediates i n  the  o x i d i z i n g  gaseous environment which decompose t o  
ox id i ze  carbon i n  t h e  p rox im i t y .  In doing t h i s  the c a t a l y s t  re turns t o  i t s  
o r i g i n a l  s t a t e  and t h e  a c t i o n  continues (20). W i th in  t h e  c lass  o f  a l k a l i  
g a s i f i c a t i o n  c a t a l y s t s  f o r  t he  reac t i on  o f  carbon w i t h  e i t h e r  H 0 o r  C02 and 
even fo r  t h e  s i n g l e  element potassium the re  a re  a v a r i e t y  o f  d i&erent  i n t e r -  
mediates pos tu la ted  f o r  t he  mechanism (21). Microscopic s tud ies suggest t h a t  
g a s i f i c a t i o n  a c t i v i t y  may not be r e s t r i c t e d  t o  a s i n g l e  phys ica l  form as 

0 and 9 a t  3OOC. 
lead t o  a s i g n i f i c a n t l y  ? i f f e r e n t  i n t e r a c t i o n  w i t h  the carbon surface. Essen- 
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c a t a l y t i c  g a s i f i c a t i o n  i s  observed f o r  systems i n  t h e  presence (22) and 
absence o f  d i sc re te  p a r t i c l e s  (23) .  The mechanisms and in termediates i nvo l ved  
i n  a l k a l i  cata lyzed carbon g a s i f i c a t i o n  by H20 and COP are s t i l l  open issues. 

We have found i n  the study o f  C02 and O2 i n t e r a c t i o n  w i t h  the  edge 
sur face o f  g raph i te  and glassy carbon samples t h a t  t h e  sur face can possess 
considerable amounts o f  oxygen which i s  s t rong ly  bound and' much less  a c t i v e  
f o r  CO formation. The CO format ion energy decreases as the t o t a l  oxygen 

h igh  oxygen coverages from e i t h e r  C02 o r  H 0 i s  extremely low, <lo- 
The surface potassium complex i s  thought $0 be the  a c t i v e  center  f o r  gas 
d i s s o c i a t i o n  whereby CO o r  H i s  formed and oxygen t rans fe r red  t o  t h e  carbon 
surface. This increases t i e  carbon sur face oxygen concentrat ion i n  the 
v i c i n i t y  o f  the complex and thus we would expect t h i s  t o  lower t h e  CO forma- 
t i o n  energy. The ac t i on  o f  the c a t a l y s t  would be t o  increase the l o c a l  oxygen 
coverage i n  a carbon domain and thereby increase t h e  number o f  domains having 
lower CO formation energetics. For  g lassy carbon these are i n  the 60-70 
kcal/mole range (24) .  This  mechanism would e f f e c t i v e l y  increase the  number of  
s i t e s  found i n  the  uncatalyzed react ion.  

surface concentrat ion increases (24) .  The e f f i c i e n c y  f o r  producing 
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Figure 1: S o l i d  t r i a n g l e s  a re  obtained from the  pr ism sur face f o l l o w i n g  KOH 
depos i t i on  a t  roan temperature. open t r i a n g l e s  are a r e s u l t  o f  
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temperature. open c i r c l e s  are a r e s u l t  o f  heat ing t h e  KOH over- 
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Figure 2: A comparison of the decrease i n  the K/C Auger rat io  as a function 
of temperature af ter  KOH addition to  glassy carbon surfaces oxi- 
dized by 4 a t  3OOOC and by HN03. 
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THERMAL CHEMISTRY PATHWAYS OF 1-NAPHTHOL 

R .  H. Schlosberg and A. Kurs 

Exxon Research and Engieer ing Company 
Route 22 East, C l i n ton  Township 

Annandale, New Jersey 08801 
' I  

Prev ious ly  we have repo r ted  ou r  i n v e s t i g a t i o n s  o f  t h e  thermal  
chemistry pathways o f  a number o f  e the r  systems under c o a l  convers ion 1 i k e  
condi t ions.  (1-4). I n  o u r  s tud ies  on naphthalene methyl e t h e r  p y r o l y s i s  (4) ,  
we d is t inguished t h r e e  ma jo r  r e a c t i o n  pathways a t  400'C (750OF): 0-C a l k y l  
cleavage y i e l d i n g  naphthols  and R-H a f t e r  hydrogen abs t rac t i on ,  an 
i somer i za t i on  pathway o f  t h e  s t a r t i n g  e the rs  and a rearrangement pathway 
i n v o l v i n g  i n i t i a l  a l k y l  C-H hydrogen abst ract ion.  
t h e  most impor tant  pathway i n  t h i s  system. 

We showed t h a t  t he  decomposit ion k i n e t i c s  o f  t h e  l -naphthalene 
methyl e t h e r  was f a s t e r  t han  t h a t  o f  t h e  2-isomer and t h a t  bo th  naphthalene 
ethers were the rma l l y  more r e a c t i v e  than a n i s o l e  (Table I). The product 
s la tes  f o r  t h e  e t h e r s  a r e  l i s t e d  i n  Table 11. 

Cleavage o f  t h e  0-C bond i s  

Figure 1 d e p i c t s  f o u r  poss ib le  pathways t o  form naphthalene f rom 
1-naphthalene methyl e the r .  (he way which appeared p a r t i c u l a r l y  a t t r a c t i v e  
was hydrodeoxygenation o f  naphthol. 
i n v e s t i g a t i n g  t h e  h igh  temperature chemist ry  o f  1-naphthol under coa l  
conversion l i k e  cond i t i ons .  

I n  t h i s  s tudy we pursue t h a t  ques t i on  b y  

1-Naphthol was heated t o  45OOC (R40'F) i n  a 30  cc  ba tch  autoc lave 
under an i n i t i a l  room temperature pressure o f  500 p s i  (3.5 MPa) o f  hydrogen. 
A t  react ion temperatures, t h e  t o t a l  pressure o f  t h e  system rose t o  -1000 
ps i .  As shown i n  Figure 2, under ou r  ( l a r g e l y )  gas phase r e a c t i o n  cond i t i ons ,  
t h e  major products a re  naphthalene and t e t r a l i n .  Other products  i d e n t i f i e d  
included I - t e t r a l o n e  and I - t e t r a l o l .  The presence o f  these  two Cl0 oxygenates 
i s  cons is tent  w i t h  t h e  r e s u l t s  o f  Poutsma and Dyer (5) who s tud ied  t h e  thermal 
chemistry o f  1-naphthol w i thou t  any ex te rna l  hydrogen. Thei r  work was c a r r i e d  
o u t  a t  4OOOC (75OoF), a temperature where 1-naphthol e x i s t s  l a r g e l y  i n  t h e  
l i q u i d  phase. 
naphthalene was obtained, comparable t o  o u r  naphthalene y i e l d s  f rom t h e  
thermolys is  o f  t h e  naphthalene methyl e t h e r s  (Table 11). 

Figure 2 shows t h a t  t h e  y i e l d  o f  t h e  hydroaromatic, t e t r a l i n ,  
diminishes w i t h  time w h i l e  t h a t  o f  naphthalene grows as a f u n c t i o n  o f  t ime.  
Th is  i s  cons i s ten t  w i t h  a con t inu ing  hydrogen demand f rom unreacted naphthol 
and other  hydrogen d e f i c i e n t  systems ( i  . e . ,  rad i ca l s ,  1 - t e t r a l o n e  and 1- 
t e t r a l o l )  s lowly  dehydrogenating t e t r a m  t o  naphthalene. 

Under thermal c o n d i t i o n s  where Poutsma and Dyer (5) show about 33% 
conversion, the major  products  a r e  d inaphthy l  f u ran  (53%), 1 - t e t r a l o n e  (18%). 
t e t r a l i n  (3%) and naphthalene (2%). 
conversion (39%), we found t e t r a l i n  (35%), naphthalene (28%), and 1 - t e t r a l o n e  
(10%). w i t h  on ly  5% d imer i c  and h igher  molecular  weight species. C lea r l y  w i t h  
moderate pressure hydrogen, even w i thou t  any added c a t a l y s t ,  t h e  d i m e r i z a t i o n  

In  t h e i r  hydrogen starved system, on l y  a 2% y i e l d  o f  

Under hydrogen a t  s i m i l a r  l e v e l s  o f  
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o r  "growth" pathway so damaging t o  h igh  o i l  y i e l d s  from coal  py ro l yses  i s  
superseded by reduc t i on  o f  t h e  hydroxy l -conta in ing r i n g .  We ca lcu  a t e  a r a t e  
constant  f o r  t h e  disappearan e o f  naphthol t o  be 2.2 x 
under hydrogen and 1.3 x lo- '  sec-]-at 400°C w i thou t  added hydrogen. 

Scheme I prov ides a s e r i e s  o f  thermal s teps which can account f o r  
t he  i n i t i a l  generation o f  phenolics, then aromatics, and f i n a l l y  
hydroaromatics under moderate hydrogen pressure. We beg in  w i t h  a r y l  a l k y l  
e thers,  moiet ies determined t o  be impor tan t  r e a c t i v e  components i n  l i g n i n s  (6) 
and i n  low rank coa ls  (7 ) .  
wi thout  external  sources o f  hydrogen, t h e  dominant pathway i s  one o f  
condensation t o  make a d imer i c  fu ran  (5) .  Since i n  a coa l  system, t h e r e  w i l l  
be some ava i l ab le  hydrogen (na t i ve  t o  t h e  c o a l )  even a p y r o l y s i s  w i l  1 l e a d  t o  
t h e  formation o f  some aromatic and hydroaromatic compounds as secondary 
reac t i on  products f o l l o w i n g  t h e  i n i t i a l  e t h e r  cleavage pathway t o  phenols. 

Experimental 

showed a p u r i t y  >99%). The s i x  batch reac to rs  employed were cons t ruc ted  o f  
316 s ta in less  s tee l  and have p rev ious l y  been descr ibed i n  d e t a i l  (8). Each 
reac to r  was charged w i t h  2.09 o f  1-naphthol and 500 p s i  (3.5 MPa) o f  hydrogen, 
attached t o  a rack and toge the r  plunged i n t o  a preheated f l u i d i z e d  sand b a t h  
and moderately ag i ta ted.  
I n d i v i d u a l  reac to rs  were removed from t h e  h o t  sand b a t h  a t  va r ious  t i m e s  and 
r a p i d l y  quenched by p lunging them i n t o  a water bath. 
c a p i l l a r y  gc. Use o f  an ex te rna l  s tandard (n-hexadecane) pe rm i t ted  
i d e n t i f i c a t i o n  o f  >90% by weight o f  t h e  charged ma te r ia l .  

sec-' a t  450°C 

I n  con t ras t ,  when t h e  naphthol i s  generated 

1-Naphthol ( A l d r i c h )  was used as received ( c a p i l l a r y  gc a n a l y s i s  

Heatup t imes are on t h e  o rde r  o f  1.5 minutes. 

Product a n a l y s i s  was by 

Summary 

1-Naphthol t he rmo lys i s  was s tud ied  a t  450'C (84OOF) under moderate 
hydrogen pressure o f  -1000 p s i  a t  r e a c t i o n  temperatures. The s u r p r i s i n g  
r e s u l t  i s  t he  marked d i f f e r e n c e  from e a r l i e r  r e s u l t s  repo r ted  o n  the rmo lys i s  
o f  1-naphthol under n i t rogen:  whereas t h e  condensed products ,  d inaph thy l fu ran  
and 1 - te t ra lone  a r e  dominant under n i t rogen;  i n  t h e  hydrogen case t e t r a l i n  and 
naphthalene are t h e  most important products. This change i n  r e a c t i o n  product  
i s  accounted f o r  by a new, compe t i t i ve  r e a c t i o n  pathway prov ided t o  t h e  system 
by the  molecular hydrogen. 
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Table I 

UNIMOLECULAR DECOMPOSITION RATES 
FOR METHYL ARYL ETHERS 

Batch Autoclaves, 3.5 MPa N2, 0.1 H r  Residence Time 

@ O'CH3 Anisole 

2-Methoxy- 
CH3 Naphthalene 

1-Methoxy- 
Naphtha1 ene 

% Recovered 
Ether I3 T=0.1 Hr 

450'C - 
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91 0.94 

71f2 

33f3 

0.5 4.1 

1.4 12 
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THERMOLYSIS O F  SUBSTITUTED ANISOLES 

A n t t i  I .  V u o r i  a n d  J o h a n  B-son B r e d e n b e r g  

D e p a r t m e n t  o f  C h e m i s t r y  
H e l s i n k i  U n i v e r s i t y  of T e c h n o l o g y  

SF-021 50 E s p o o  15, F i n l a n d  

INTRODUCTION 

The p o s s i b i l i t y  o f  u s i n g  b i o m a s s  a s  a c h e m i c a l  f e e d s t o c k  

h a s  i n  r e c e n t  y e a r s  a t t r a c t e d  i n c r e a s i n g  i n t e r e s t .  L i g n i n  
i s  o n e  o f  t h e  m a j o r  c o m p o n e n t s  o f  biomass. I t  i s  p r o d u c e d  

i n  l a r g e  a m o u n t s  d u r i n g  wood p u l p i n g  b u t  t h e  ma in  p a r t  of  

i t  i s  s i m p l y  b u r n t .  T h e r e  s h o u l d ,  h o w e v e r ,  b e  some p o s s i b i -  
l i t i e s  to  u s e  p a r t  o f  t h e  l i g n i n  as  r a w  m a t e r i a l  f o r  more 
v a l u a b l e  p r o d u c t s  ( 1 - 3 ) .  

The f i r s t  r e a c t i o n  s t e p  i n  a n y  c h e m i c a l  c o n v e r s i o n  process 
of l i g n i n  is thermal r u p t u r e  t o  s m a l l e r  u n i t s  ( 3 ,  4 ) .  Only  

t h e  p r o d u c t s  t h u s  fo rmed  a r e  s m a l l  e n o u g h  t o  react  w i t h  a 

h e t e r o g e n e o u s  c a t a l y s t  t o  t h e  u l t i m a t e  p r o d u c t s .  T h i s  b e -  

h a v i o r  c o r r e s p o n d s  t o  t h a t  f o u n d  f o r  c o a l .  T h e r m a l  r e a c -  
t i o n s  o f  l i g n i n  a s  w 11 as coa l  a r e  u s u a l l y  v e r y  c o m p l i -  

l i c a t e d .  T h i s  makes  t h e  i n t e r p r e t a t i o n  o f  e x p e r i m e n t a l  

r e s u l t s  f r o m  thermal  r e a c t i o n s  o f  l i g n i n  q u i t e  d i f f i c u l t  

t h o u g h  not  i m p o s s i b l e  5 - 7 ) .  S t u d y  o f  s u i t a b l e  l i g n i n  re- 
l a t e d  mode l  compounds  c a n  b e  of g r e a t  u s e  i n  t h e  i n t e r p r e -  

t a t i o n  o f  t h e  r e s u l t s .  A p p l i c a t i o n  o f  t h e  r e s u l t s  of model  

compound s t u d i e s  o n  more c o m p l i c a t e d  s t r u c t u r e s  m u s t ,  how- 

e v e r ,  a l w a y s  be d o n e  w i t h  care s i n c e  t h e  r e a c t i o n s  o f  macro-  

m o l e c u l a r  s t r u c t u r e s  a re  n o t  n e c e s s a r i l y  w e l l  r e p r e s e n t e d  

by s i m p l e  mode l  compounds as h a s  b e e n  n o t e d  i n  c o n n e c t i o n  

w i t h  coal ( 8 ) .  
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Thermolysis of hydroxy, methoxy and methyl substituted 
anisoles in the presence of tetralin has earlier been 
studied by Bredenberg and Ceylan ( 9 ) .  Their results are, 
however, probably influenced by effects caused by the reac- 
tor walls. This paper considers the thermolysis of the 
guaiacyl structure of lignin by comparing the thermal reac- 
tions of different hydroxy and methoxyanisoles (and ani- 
sole) both neat and in the presence of tetralin at molar 
ratio 1:l under conditions where wall effects have been mi- 
nimized. Some comments about the kinetic parameters of the 
model compounds studied are also made though the experi- 
ments performed are insufficient for a strict kinetic analy- 
sis. 

EXPERIMENTAL 

All the model compounds used as well as tetralin were pure 
or analytical grade and they were used without further 
purification. Only the meta substituted compounds contained 
so much impurities (about 2 . 5  % by GC) that these had to be 
accounted for in the results. 

The experiments were performed in 1 ml boron silicate glass 
ampoules (Duran 50) under argon atmosphere as described 
elsewhere ( 1 0 ) .  The same analytical procedures were also 
followed. The GC-MS analyses were needed only for the pro- 
ducts from the experiments with meta compounds. 

In addition to the thermolysis experiments some additional 
experiments were performed to test the effects of different 
kinds of materials as well as the possible wall effect on 
the thermolysis of hydroxyanisoles in the presence of tetra- 
lin at 638 K. The materials used for this purpose with all 
three hydroxyanisoles were sodium glass, AISI 304 and AISI 
316 steels, molybdenum powder, and boron silicate glass. 
Coal ash and silicon carbide were tested only with 0- and E- 
hydroxyanisole. The reaction time was 3.0 h for ortho and 
para compounds and 5.0 h for meta compound. The surface 
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area was approximately doubled in the experiments, except 
for the experiments with coal ash where the area was more 
than two hundred times the original. The results showed 
that sodium glass led to the formation of higher products 
with all hydroxyanisoles. Molybdenum and coal ash were 
found to enhance the conversion of the ortho and para 
compounds while there was no clear trend with the meta com- 
pound. No significant difference between the runs with 
plain boron silicate ampoules and those where boron sili- 
cate, silicon carbide or the aforementioned steels had been 
added were found. It should, however, be noted that molyb- 
denum containing steel alloys have been reported to be ac- 
tivated in hydroliquefaction of coal when treated with 
pyrocatechol ( 1  1 , 1 2 ) .  

RESULTS AND DISCUSSION 

Table 1 summarizes the experiments performed. The results 
are summarized in Figures 1 and 2 which contain the con- 
versions and the selectivities of the formation of the main 
products from each model compound. Formation of higher pro- 
ducts and char is also indicated in Figures 1 and 2 .  

A l l  hydroxyanisoles gave as the main primary products the 
correspondingly substituted dihydroxybenzenes and cresols 
(Figure 1 ) .  Neat E-hydroxyanisole showed also some forma- 
tion of methyl-m-hydroxyanisoles but because of the low con- 
versions as well as the content of impurities (about 0.7 % 

methyl-E-hydroxyanisoles by GC) these results are un- 
certain. Figure 2 shows that the o- and E-methoxyanisoles 
followed a reaction pattern of same type as the hydroxy- 
anisoles while E-methoxyanisole showed a stronger trend 
than E-hydroxyanisole to the formation of ring methylated 
products with two oxygen atoms. The possible pathways for 
product formation will be discussed in detail in relation 
to the C - 0  bonds reacting. 

368 



The methyl C-0 bond 

il 
The bond energy of the methyl C-0 bond in a guaiacyl struc- 
ture has been evaluated to be about 2 4 7  kJ/mol (3). It is 
clearly the weakest bond in 2-hydroxyanisole (guaiacol). 
The results in Figures 1 and 2 also demonstrate that the 
majority of the main products from both hydroxy and methoxy- 
anisoles were formed by breaking of this bond. 

Breaking of this bond in all hydroxyanisoles seemed to fol- 
low two parallel primary pathways. The formation of pyro- 
catechol from guaiacol has earlier been explained to take 
place by a free radical mechanism (13) or by a concerted 
mechanism ( 1 4 ) .  A concerted mechanism for the formation of 
the corresponding dihydroxybenzenes cannot be visualized 
for E- and p-hydroxyanisoles. 

The question of a concerted versus a free radical mechanism 
has been widely discussed in the context of both biomass 
and coal liquefaction. Stein (15) has commented on the mec- 
hanistic possibilities of the thermal reactions of guaiacol 
by noting that there are under conditions of very low pres- 
sure pyrolysis where bimolecular reactions cannot occur, 
methyl radicals but little or no methane as a product. This 
would indicate a free radical reaction. The mechanism of 
guaiacol thermolysis is obviously more complicated under 
high concentration. The presence of water, which is formed 
during the reaction, has also been found to have a pronoun- 
ced effect on the thermolysis of guaiacol ( 1 6 ) .  A combined 
free radical chain and concerted mechanism has recently 
been proposed for thermolysis of dibenzyl ether in the pre- 
sence of tetralin ( 1 7 ) .  

Our results (Table 2 )  showed that the rate of decomposition 
of guaiacol was about one order of magnitude higher than 
that of any other model compound studied. The apparent 
first order activation energy found for guaiacol in the pre- 
sence of tetralin (Table 3) was also unusually low which is 
in agreement with the values reported elsewhere ( 1 4 ) .  This 
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suggests that in addition to the homolytic mechanism an ad- 
ditional reaction mechanism, L.Z. the concerted mechanism 
is also operating. It is in this connection important to 
note that 2-methoxyanisole did not show any similar trend. 

The formation of correspondingly substituted cresols from 
the hydroxyanisoles as well as the formation of correspon- 
dingly substituted cresols and methylanisoles from 0- and 2- 
methoxyanisoles was the second primary pathway of the met- 
hyl C - 0  bond cleavage. For the para compounds an intra- 
molecular ipso-substitution seems to be the only reasonable 
explanation. For the ortho and meta compounds an inter- 
molecular methylation is still possible though, especially 
for the meta compound hardly probable. For the ortho com- 
pounds there is, in addition, the possibility of an intra- 
molecular methyl shift to the ortho position from the 
methoxyl group. Ceylan and Bredenberg (13) have presented 
an intramolecular rearrangement of guaiacol to 2-cresol 
which takes place via an enolic form of the ortho hydroxyl. 
No significant interaction between the substituents in 
- m-hydroxyanisole can be expected. Therefore the ipso- 
substitution requires some other mechanism. Anisole has 
been explained to react through a phenoxymethyl radical 
formed by methyl hydrogen abstraction to a benzyloxy 
radical via a spiranic oxiran intermediate under corres- 
ponding reaction conditions ( 1 0 ,  1 8 ) .  The primary products 
from a benzyloxy radical are, however, benzaldehyde and 
benzyl alcohol which in turn can then be reduced to 
toluene. There was no indication of this type of products 
in any GC or GC-MS analyses made of the thermolysis pro- 
ducts of hydroxy and methoxyanisoles during the present 
work. It should, however, be noted that Kislitsyn s. 
( 1 9 )  have found both 2-hydroxybenzaldehyde and 2-hydroxy- 
benzyl alcohol among the products of short contact time py- 
rolysis of guaiacol at 7 7 3  K. 

The results of the experiments with E-methoxyanisole (Fi- 
gure 2 )  differed from those noted above. The cleavage of 
the methyl C - 0  bond to form E-hydroxyanisole corresponds 
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to the reaction of the other compounds studied. There was, 
however, no noticeable ipso-substitution of the methyl 
group despite of the greater proportion of ring methylated 
dihydroxy compounds. E-Hydroxyanisole also showed a si- 
milar trend. This is probably due to the ortho-para- 
activating effect of both hydroxyl and methoxyl groups. The 
meta compound has been found to give the greatest propor- 
tion of ring methylated products also in catalytic hydro- 
deoxygenation of hydroxyanisoles ( 2 0 ) .  

It is also interesting to note that the decomposition rate 
of neat E-methoxyanisole was roughly twice the decompo- 
sition rate of neat anisole (Table 2 ) .  This could be inter- 
preted to mean that the methoxyl groups in m-methoxy- 
anisole react fairly independently. 

The aromatic C-0 bond 

The bond energy of the aromatic C - 0  bond of the methoxyl 
group in a guaiacyl structure has been evaluated to be 
about 356 kJ/mol, and of the hydroxyl group about 414 kJ 
/mol (3). For the corresponding homolytic bond scissions a 
high activation energy is hence required. This correlates 
well with the fact that guaiacylic model compounds have 
usually been found to give, under mild thermolysis condi- 
tions, only small amounts of products with one oxygen atom 
(6, 13, 14, 21). 

Our results suggest that there was no significant direct 
scission of the aromatic C - 0  bonds in guaiacol (Figure 1 ) .  
The formation of phenol takes place most probably via pyro- 
catechol. The results of the experiments with E- and E- 
hydroxyanisole are not as clear. 

Anisole and aromatic hydrocarbons were found only in trace 
amounts in the hydroxyanisole series. The scission of the 
phenolic C - 0  bond has been suggested by Stein (15) to take 
place probably by an ionic mechanism. Tentative experiments 
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performed with the dihydroxybenzenes in the presence of 
tetralin gave almost exclusively phenol as a single ring 
aromatic product from pyrocatechol and hydroquinone whereas 
no phenol was found in experiments with resorcinol. These 
experiments also showed that higher products were formed 
from hydroquinone even in the presence of tetralin, a re- 
sult which can also be seen in Figure 1 .  

The results of the methoxyanisole series (Figure 2 )  showed 
significant differences in the breaking of the aromatic C - 0  

bonds in comparison with the hydroxyanisole series. In addi- 
tion to the formation of phenol there was also significant 
formation of anisole from all three methoxyanisoles. The 
analyses made a l s o  indicated the presence of the products 
formed in the decomposition of anisole ( 1 0 ) .  

Anisole has earlier been reported to be formed from 0- 
methoxyanisole ( 2 2 ) .  The formation of anisole from all 
three methoxyanisoles is not easily explained. If must' ta- 
ke place by direct demethoxylation but the presence of a 
hydroxyl group seems to prevent it for reasons not known. 

The overall kinetics 

The decomposition rates of all the model compounds studied 
can be fitted into first order kinetics (Table 2 )  though 
the gross conversion include parallel reaction pathways. 
The apparent first order activation energies are shown in 
Table 3 .  These values are partly uncertain since in some 
cases they are based only on a few experiments at two 
temperatures (Table 1 ) .  Hence, only a few comments are 
made. The unusually low activation energy of guaiacol in 
the presence of tetralin has already been discussed. The 
results of neat guaiacol are too few for a proper analysis. 
Tables 2 and 3 also show that tetralin has, in addition to 
decreasing the reaction rates, some effect on the apparent 
activation energies. This is probably due to the quenching 
effect tetralin has on free radical chain reactions. 
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CONCLUSIONS 

The main reaction in the thermolysis of all hydroxyanisoles 
is the breaking of the methyl c-0 bond. Two reaction path- 
ways can be distinquished, the first one leading to the for- 
mation of the correspondingly substituted dihydroxybenze- 
nes, and the second one leading to the formation of the cor- 
respondingly substituted cresols. For guaiacol the former 
pathway takes partly place, in addition to a homolytic bond 
breaking, by a concerted mechanism. A concerted mechanism 
cannot, however, be visualized for E- and phylroxyanisole. 
The latter pathway is thought to take place via a spiranic 
oxiran intermediate. For guaiacol there is also the possi- 
bility of an intramolecular methyl shift to the ortho po- 
sition from the methoxyl group. The formation of cresols 
via methyldihydroxybenzenes does not, however, seem to be 
very probable. Neat =-hydroxyanisole shows, in addition, 
some formation of methyl-E-hydroxyanisoles. Breaking of the 
aromatic C-0 bond in the hydroxyanisoles occurs only to a 
minor extent under mild thermolysis conditions. 

The 0- and 2-methoxyanisoles follow a reaction pattern of 
the same type as the hydroxyanisoles while E-methoxyanisole 
gives more ring methylated products with two oxygen atoms. 
There is, however, no indication of a concerted mechanism 
for 2-methoxyanisole. The formation of anisole by direct 
demethoxylation is significant for all three methoxy- 
anisoles. 

The decomposition rate of all the model compounds studied 
is decreased by the presence of tetralin. 
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Table 1 .  Experimental data 

reaction tem- reaction time 
model compound 

- 0-OH-anisole, neat 

-with tetralin 

- m-OH-anisole, neat 

-with tetralin 

p-OH-anisole, neat 

-with tetralin 

o-OCH -anisole, 
neat 3 - 

-with tetralin 

m-OCH -anisole, - 3  neat 

-with tetralin 

p-OCH3-aniso.le, 
neat 

-with tetralin 

perature (K) 

6 2 3  
6 48 
6 7 3  

6 2 3  
6 4 8  

6 2 3  
6 4 8  
6 7 3  

6 4 8  
6 7 3  

6 4 8  
6 7 3  

6 4 8  

6 7 3  

(h) 

0 .6 ;  1 .0 ;  
0 .5;  1 . 0 ;  
( 1 . 0 ;  2 . 0  

0 . 7 5 ;  1 .0  
0 . 5 ;  0 . 5 ;  
4.0; 4.0 

2.0;  3 .0;  
1.0; 1.0; 
1 .0 ;  1 . 0 ;  

0 .5;  1 .0;  
0 .5;  1 . O ;  

1.0; 2.0; 
0 .5;  2.0 

0.5;  1 .0 ;  
4.0 
0 .5 ;  1 .0 ;  

(2.0) 
2.0; 3.0 

2 . 0 ;  3 .0 ;  4 .0 
1 . 0 ;  2 .0 ;  2 . 0 ;  3 . 0 ;  

4.0 
2.0;  2.0; 3 . 0 ;  4.0 
2.0;  4.0; 4 .0 

2.0;  3 .0 ;  4.0; 4.0 
2 .0 ;  2 . 0 ;  3 . 0 ;  4 . 0  

4.0 

2.0; 2.0; 3 .0;  4 .0;  

2 .0 ;  2.0; 3 .0;  4.0 

1 .0 ;  2.0; 6 4 8  4.0 
6 7 3  0 .25 ;  0 .5 ;  2 .0  

6 2 3  1 . 3 3 ;  2 .0 ;  4 .0;  5 .0;  7.0 
6 4 8  1.0;  1 .0 ;  2.0; 3.0; 4.0 
6 7 3  0.5;  1 . 0 ;  1 .0 ;  1 . 5 ;  2.0 

6 2 3  2.0; 3 .0 ;  4.0 
6 4 8  1.0;  1 .o; 2 .0;  4 . 0  
6 7 3  1.0; 2 .0;  2 .0;  4.0 

6 4 8  1.0;  2.0; 2 .0 ;  3 .0 ;  4 .0  
0 .5 ;  1 . 0 ;  1 . 5 ;  2.0; 2.0 6 7 3  

6 4 8  1.0; 2 .0;  4.0 
6 7 3  0 . 2 5 ;  0 . 5 ;  2 . 0  

6 2 3  1 . 3 3 ;  2 .0 ;  4 .0 ;  5 .0 ;  7 .0  
6 4 8  1 . 0 ;  1 . 0 ;  2 .0 ;  3 .0;  4 .0 
6 7 3  0.5;  1 . 0 ;  1 . 0 ;  1 .5;  2.0 

-experiments in parentheses are not used for kinetic parameters. 
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T a b l e  2 .  The a p p a r e n t  f i r s t  o r d e r  r a t e  c o e f f i c i e n t s  of t h e  
model compounds.  

model 1 05*k r 1 05*k r 1 05*k r 
6 2 3  K 6 4 8  K 6 7 3  K 

compound ( 1 / s  1 ( l / s )  ( l / s )  

-neat 
a n i s i l e  ( 1 o ) 0 . 7 6 5 0 . 1 3  0 . 9 5 9  3 .9150.59  0.957 
- 3 - O H  12 .521  .O 0 . 3 9 7  3 6 . 2 2 2 . 6  0.992 
m-OH 0 . 4 3 + 0 . 0 2  0 .998  1 . 3 4 + 0 . 1 1  0 .983  23 .7+2.6  0 .977  - - 
2 - O H  5 .36F0.83  0 . 9 7 7  54 .0z9 .4  0 .985  
- o-OCH3 7 . 4 1 2 1 . 0 5  0.981 70 .8214.2  0.962 
- m-OCH3 0 . 5 1 2 0 . 1 3  0 . 9 4 5  1 . 3 3 ~ 0 . 1 6  0 . 9 7 9  8 .0921 - 6 7  0 .942  
p - O C H 3  6 . 8 4 2 0 . 7 5  0 .988  57 .0214.4  0 .942  

- w i t h  t e t r a l i n  
a n i s o l e (  1 0 )  0 . 3 1 5 0 . 0 4  0 . 9 6 7  2.09+0.16 0 .987  
- 3 - O H  6 . 5 8 2 0 . 3 9  0 . 9 9 3  23 .051 .4  0 .987  
m-OH 0 .4820.11  0 . 8 9 7  1 . 9 3 2 0 . 1 4  0.986 
E-OH 2 .5020.16  0 . 9 8 8  18 .521  .O 0.992 
- 0-OCH 1 . 5 2 ~ 0 . 1 1  0 .989  8 . 0 1 2 0 . 7 3  0 . 9 8 4  45.722.4 0.995 
m-OCH: 1.00+0.19 0 .932  4.58+0.20 0.996 
E-OCH3 1.0220.1.2 0 .975  5 .8250.54  0 . 9 8 3  30 .320 .4  1 .000  

T a b l e  3. The a p p a r e n t  f i r s t  o r d e r  A r r h e n i u s  p a r a m e t e r s  of 
t h e  mode l  compounds.  

model  compound EA ( k J / m o l )  loglOA ( l / s )  

- n e a t  
a n i s o l e ( l 0 )  237246 1 4 . 0 2 3 . 7  

m-OH 27721 1 1 7 . 8 2 0 . 9  
5-OH 335249 2 2  - 7 2 3 . 9  
- o-OCH3 327251 22.324.1 
- m-OCH3 192231 1 0 . 7 2 2 . 5  
E-OCH 308257 20 .624  .6 

- w i t h  t e t r a l i n  
a n i s o l e (  1 0 )  276230 1 6 . 8 2 2 . 3  

- m-OH 201240 1 0.923.1 

- o-OCH3 23729 1 5 . 0 ~ 0 . 7  

p-OCH3 23729 1 4 . 8 2 0 . 6  

- 3-OH 143220 8 .121 .7  

- o-OH 16821 6 9 .921 .3  

2-OH 29021 7 1 8 . 8 2 1 . 4  

- m-OCH3 221232 1 2 . 8 2 2 . 5  
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&i 

623 K, 0 . 6 - 2 . 0  h 
X = 25.8-40.8 X 
648 K, 0 . 5 - 3 . 0  h 
X = 52.3-98.0 X 
673 K, 1 . 0 - 2 . 0  h 
x = 99+ X 

+m 
623 K, 0 . 7 5 - 4 . 0  t 

X = 14.4-60.0 I 
648 K, 0 . 5 - 4 . 0  h 

X = 25.1-96.8 X 

&? 

623 K, 2 . 0 - 4 . 0  h 

X = 3.4-6.1 X 
648 K, 1 .0 -4 .0  h 

673 K, 1 . 0 - 4 . 0  h 
X = 41.7-97.5 X 

X = 3.6-17.5 X 

648 K, 0 .5 -4 .0  h 

X c. 0-8.4 Z 
673 K, 0.5-4.0 h 
X = 3.3-24.7 Z 

6 
648 K. OH 1-4 h 
X 26.3-54.7 X 
673 K, 0 . 5 - 2 . 0  h 

X = 81.0-98.3 X 

648 K, 0 . 5 - 4 . 0  h 

X = 4.0-31.1 X 
673 K, 0 . 5 - 4 . 0  h 

X = 26.4-93.7 X 

HIGHER, 6 O H  &CH3 0 OH @ OH @OH OH 

623 K- 
CHAR, 

648 K- CH3 
C"r 

S ( X ) :  14.7-15.8 4.3-6.6 2.7-3.1 1.4-1.6 1.0-1.3 

S'(9.1: 7.1-18.2 1.2-5.2 3.0-4.1 0.6-1.5 0.5-1.1 

S ( % I :  4.4-8.5 1.0-1.6 6.5-8.8 0.4-0.6 0.4-0.6 

OH OH OH OH OH 

> '  
CH3 

S ( 5 ) :  71.7-82.0 2.4-7.7 2.7-4.9 6.0-8.1 6.0-7.0 

S ( X ) :  64.1-83.6 3.6-10.3 2.0-14.3 4.4-7.2 3.8-5.2 

S ( X ) :  34.6-44.9 6.6-12.4 5.9-7.3 27.5-30.5 3.0-5.1- 

S ( X ) :  42.7-67.1 2.8-5.1 1.3-13.4 17.7-27.9 2.5-5.2 

S ( X I :  0.7-23.1 1.8-5.0 0.3-1.5 0.3-6.0 0.3-2.0 

OH OH OCH3 0% OH 

; ( X ) :  24.7-64.2 - - . 4.9-14.7 

; ( X ) :  56.7-86.6 8.5-16.3 - 10.1-15.4 

48 IGHER, K- 6 6 6 4 
HAR, 
73 K- OH 
j ( X I :  26.6-27.9 8.4-10.6 4.0-5.9 1.7-2.7 

C"3 0 CH3 

S ( X ) :  5.8-24.3 4.4-7.2 7.1-8.3 0.8-2.1 

OH OH OH OH 

OH C"3 
S ( X I :  63.4-82.2 8.4-12.1 1.4-2.4 8.2-9.4 

S ( X ) :  30.7-78.5 10.7-12.2 2.1-3.6 5.3-7.2 

Figure 1. Main products from the experiments with hydroxy- 

anisoles. 
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648 K, 1 . 0 - 4 . 0  h 
X = 36.5- 67.1 X 
673 K, 0.25-2.0 h 

623 K, 1 . 1 3 - 7 . 0  h 

X = 5.7-30.5 X 
648 K, 1 . 0 - 4 . 0  h 

X = 17.2-69.8 X 
673 K, 0 . 5 - 2 . 0  h 

X = 55.3-96.3 X 

623 K, 2 . 0 - 4 . 0  h 
X = 5.8-7.2 X 

X = 5.6-17.8 L 
648 K, 1 . 0 - 4 . 0  h 

673 K, 1 . 0 - 4 . 0  h 
X = 41.4-70.2 I 

648 K, 1 . 0 - 4 . 0  h 

x 3.5-14.6 X 
673 K, 0 . 5 - 2 . 0  h 

X E 10.9-28.9 X 

648 K, 1 .0 -4 .0  h 
X = 26.7-62.9 X 
673 K, 0 . 2 5 - 2 . 0  h 

623 K, 1 .33 -7 .0  h 
X 3.1-21.2 X 
648 K, 1 . 0 - 4 . 0  h 
X = 13.7-58.6 X 
673 K, 0 .5 -2 .0  h 

OH OH OH OCH3 O C H j  

CHAR' 648 K- 6 @OH @CH3 0 OCH3 0 
S ( X ) :  14.0-18.8 1.9-5.4 3.1-4.9 0.6-3.4 5.6-7.5 9.8-11.8 

S ( X ) :  0.2-7.2 4.7-11.2 4.0-4.5 4.1-6.6 0.6-2.6 4.6-9.1 & &OH &CH3 6 GCH3 6' 
S ( X ) :  34.7-63.8 10.4-22.8 2.3-8.1 7.4-15.4 1.6-4.5 5.4-15.0 

S ( X ) :  13.7-55.8 6.3-47~0 2.8-7.3 0.7-1.7 9,5-14.4 4.6-7.9 

S (I): 2.0-19.5 46.3-58.3 2.5-6.9 1.3-4.0 8.3-11.4 4.9-9.3 

S ( I ) :  26.0-32.2 30.2-34.8 2.4-7.4 - 9.3-11.6 

S ( I ) :  34.9-39.6 22.7-32.2 4.8-8.2 - 11.5-16.6 

S ( X ) :  16.6-29.6 1.9-11.4 2.9-5.7 1.3-4.0 17.8-20.5 

GOH @OH H3 @OH CH3 6 6 
S ( X ) :  36.7-58.9 12.8-21.0 12.1-14.7 2-7-5.3 8.5-23.2 

S ( X ) :  44.2-55.1 9.4-15.6 6.4-11.9 1.8-3.8 14.6-21.7 

OH CH3 CH3 

648 K- 
CHAR, 

S ( X I :  16.1-23.0 0.5-0.6 0.8-1.5 0.3-0.6 8.8-10.1 10.8-14. 

S ( X ) :  3.3-15.4 4.6-4.8 2.3-5.1 2.5-5.8 2.9-6.1 6.6-15. 

0 
OH OH CH3 tH3 

S ( X ) :  61.7-73.1 2.2-3.4 (2.0) 6.0-10.9 4.2-6.7 8.8-11.; 

5 ( X I :  57.7-68.4 2.1-10.6 1.0-3.9 0.8-1.7 9.0-11.5 4.2-9.7 

5 ( X I :  40.1-66.1 7.2-26.0 1.7-7.1 1.2-1.6 9.3-9.8 8.0-10J 

Figure 2 .  Main products  from t h e  experiments  w i t h  methoxy- 

a n i s o l e s .  
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THERMAL CHEMISTRY PATHWAYS OF ESTERS AND KETONES 

by 

R. H. Schlosberg, A. Kurs. G. D. h p r e  and R. J. Pancirov 

Exxon Research and Engineering Company 
Route 22 East, Cl in ton Township 

Annandale. NJ 08801 

I NTROD U CT I ON 

The work described i s  a cont inuat ion o f  our  s tud ies o f  t h e  thermal 
chemistry pathways o f  reac t i ve  oxygenates important i n  f o s s i l  f u e l  
hydrocarbons. 
acids. 
o i l s  from low rank coals, f o s s i l  f u e l s  known t o  con ta in  substant ia l  amounts of 
carboxy late func t i ona l i t y .  

Esters and ketones are p y r o l y s i s  products from ca rboxy l i c  
Ketones have been found t o  be i npo r tan t  components o f  hydropyro lys is  

THERMAL CHEMISTRY PATHWAYS OF ESTERS 

Conventional organic chemistry textbook wisdom describes es te r  
py ro l ys i s  on l y  i n  terms o f  o l e f i n  e l iminat ion.  and t h i s  on l y  w i t h  esters  of  
ca rboxy l i c  acids. N o l l e r  (1) s ta tes t h a t  "when es te rs  t h a t  have hydrogen on 
t h e  8-carbon o f  t h e  alkoxy group are,,heated t o  5OO0C, a molecule o f  ac id  i s  
l o s t  w i t h  t h e  formation o f  an o l e f i n  . This process i s  c a l l e d  p y r o l y t i c  c i s -  
e l im ina t i on .  
s tud ied and even t h e  textbook cases a r e  somewhat more complex than described. 

hexene acc-textbook mechanism, bu t  t h i s  i s  not  t he  only  thermal 
chemistry event. 
p y r o l y s i s  u n i t  (F igure 1) and i n  batch autoclaves. Condit ions were set  t o  
achieve conversion l e v e l s  o f  10-60%. The thermal chemistry mechanisms a r e  
independent o f  u n i t .  Using t h e  f l a s h  p y r o l y s i s  u n i t  and es tab l i sh ing  a vapor 
residence t ime  o f -  1-2 sec, t h e  major components i n  t h e  gas phase products 
inc luded hydrogen, methane, ethylene, propylene, water, carbon dioxide, and 
s u r p r i s i n g l y  carbon monoxide along w i t h  t h e  an t i c ipa ted  1-hexene (Table I ) .  
Experiments a t  equiva lent  condi t ions showed t h a t  a c e t i c  ac id  produces acetone, 
water and carbon d iox ide  as major products. 
ketones thermal ly  decarbonyl ate, t he  thermal conversion o f  hexyl acetate 
proceeds through 1-hexene and ace t i c  acid. Acet ic  a c i d  i t s e l f  i s  thermal ly  
r e a c t i v e  and produces water and acetone. The ketone decarbonylates t o  produce 
the  carbon monoxide observed. 
according t o  t h e  r e s u l t s  o f  Rebick (2) produces C1-C5 products w i t h  a 
r e l a t i v e l y  h igh  y i e l d  o f  propylene. 
t h i s  p i c tu re .  

Methyl acetate. 
requi red f o r  p y r o l y t i c  c is-e l iminat ion.  and a t  t h e  18% conversion l e v e l  
produces acetone, methanol and water as t h e  major l i q u i d  phase products. This 
would i n d i c a t e  acy l  oxygen, r a t h e r  than a l k y l  oxygen, cleavage. 

The s i t u a t i o n  w i t h  esters  l ack ing  6-hydrogens i s  l e s s  we l l  

Hex 1 acetate Hexyl acetate e l iminates a c e t i c  ac id  t o  form 1- 

Our thermal s tud ies were c a r r i e d  out  both i n  a f l a s h  

Since, as we w i l l  show below, 

F ina l l y ,  t h e  1-hexene s low ly  cracks and 

Our r e s u l t s  a re  f u l l y  cons is tent  w i t h  

This es te r  does no t  have t h e  s t r u c t u r a l  p roper t i es  
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men 1 acetate. Phenyl acetate un imolecular ly  decomposes on ly  a t  
t h e  acyl 0- t o  t h e  i n f l uence  o f  t h e  a r y l  r i ng .  As expected, t h e  
only  major organic 1 i q u i d  products of any consequence a r e  phenol>>>benzene. 
The unimolecular r a t e  constant f o r  phenyl acetate decomposition i s  0.35 min-1 
s. 0.44 min-1 f o r  benzoic a c i d  decomposition under s i m i l a r  cond i t i ons  ( 3 ) .  
(4). 

A new mechanism i s  proposed t o  account f o r  reac t i on  products when 
o l e f i n  e l i m i n a t i o n  i s  no t  f e a s i b l e  due t o  s t r u c t u r a l  const ra in ts .  Th is  
proposed mechanism i s  shown i n  Scheme I f o r  phenyl acetate. 
phenolic p o s i t i o n  has been shown t o  be a favored pathway i n  the  thermolysis o f  
benzyl phenyl e t h e r  (5).  ArO-H and ArCH2-H bonds a re  s i m i l a r  i n  strength, and 

Cleavage a t  t h e  

it i s  reasonable t o  invoke phenoxy rad i ca l  format ion i n  the  thermal chemistry 
o f  phenyl acetate. 
t he  benzy l ic  p o s i t i o n  i s  t h e  enhanced s t a b i l i t y  o f  benzyl and/or phenoxy 
rad i ca l s  through d e l o c a l i z a t i o n  o f  t h e  f r e e  e lect ron.  

A c o n t r i b u t i n g  d r i v i n g  f o r c e  f o r  t h i s  cleavage reac t i on  a t  

THERMAL CHEMISTRY PATHWAYS OF KETONES 

4-Oecanone. Treatment o f  t h i s  i n t e r n a l  ketone a t  6 O O O C  i n  t h e  f l a s h  
py ro l ys i s  u n i t  l e d  t o  conversion l eve l s  o f  18%. 
products (accounting f o r  85% o f  the  converted ketone) were ethylene, 
propylene, carbon monoxide and 1-hexene (Table 1-1). The r a t e  constant o r  t h e  

This exper imenta l ly  determined a c t i v a t i o n  energy imp l i es  a rad i ca l  chain. 
s ince t h e r e  i s  no bond t h i s  weak (- 36 Kcal/rnol) i n  t h e  system. A mechanism 
which accounts f o r  a l l  o f  t h e  observed products i s  shown i n  Scheme 11. 

The major fragmentation 

unimolecular decomposition o f  4-decanone was ca l cu la ted  t o  be -7.9 min- f . 
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SCHEME I 1  

I n i t i a t l o n  

0 
It A 

CH3CH2CH2C' + 'CH2CH2CH2CH2CH2CH3 

d '  a d b c  

Radical E l iminat ion Reactions 

CH3-CH2-CH2-C' ___$ CO + CH3-CHz-CH2' 

C H ~ - C H ~ - C H ~ , T ~  CH3-CH = CH2 + H' 
8 -e l im ina t i on  

.-> CH3-CH2-CH2-CH2-CH CH2 + H' 
8 -e l im ina t i on  

Cleavage a t  t h e  (b)  o r  (c) bonds can lead t o  octenones and nonenones 
and t o  methane and ethane/ethylene, a l l  i d e n t i f i e d  i n  the  product. 
a r i s e s  from a sequence o f  react ions u l t i m a t e l y  r e s u l t i n g  i n  cleavage a t  t h e  d 
and d' posit ions. 

Kcal/mol 
constant :t 6Oho'C o f  -11 min-l .  Table 111 presents t h e  product data f o r  t h e  
thermolysis o f  2-decanone a t  550 and 650OC. Here, as found w i t h  the  4-isomer, 
carbon monoxide i s  a s i g n i f i c a n t  product, t hus  conf i rming t h e  statement made 
e a r l i e r  t h a t  acyl r a d i c a l s  decompose re leas ing  carbon monoxide. 
t o  form aromatic r i ngs  becmes an important pathway by 65OOC as does format ion 
o f  s o l i d  carbonaceous mater ia l .  

Acetone 

2-Decanone. The a c t i v a t i o n  energy was ca lcu lated t o  be - 38 
or t e unimolecular decomposition o f  t h i s  ketone w i t h  a r a t e  

Ring c losu re  

A l i p h a t i c  ketones a re  formed f rom ' the  py ro l ys i s  o f  ca rboxy l i c  
acids. 
a t  s u f f i c i e n t l y  severe cond i t i ons  t o  methane, carbon monoxide and coke. 

1-Tetralone. A c y c l i c  ketone such as 1- te t ra lone undergoes a 
d i f f e r e n t  sequence o f  thermal transformations. Te t ra l i n ,  naphthalene and 1- 
naphthol a re  the  major l i q u i d  products when 1- te t ra lone i s  t rea ted  a t  425OC 
under an i n e r t  atmosphere. When hydrogen i s  present t he  y i e l d s  o f  t e t r a l i n  
and naphthalene increase, cons is tent  w i t h  r e s u l t s  publ ished e a r l i e r  (Table 

They, i n  turn,  decompose thermal ly  t o  l i g h t e r  o l e f i n s  and acetone, and 

I V ) .  
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TABLE I 

PYROLYSIS OF HEXYL ACETATE 
55OoC,-1-2 SEC. , HELIUM SWEEP GAS 

Gas Analysis, Relat ive b l e  % 

H2 CO C02 CH4 C2H4 C2H6 C3H6 C3H8 C 4 ' S  C5 'S  C6'S H20 

39 12 12 7.7 3.7 4.4 1.1 1.8 - 10 5.2 
- -  - - - - - -  - - - -  

TABLE I1 

4-OECANONE THERMOLYSIS 

6OO0C,-1-2 SEC. VAPOR RESIDENCE TIME 
3.89 GAS 

Yields 

S o l i d  

L iqu id  
4-Decanone 
Acetone 
1-Hexene 

n-Hexane 

Nonenones 

Others 

Gases 

H2 
CH4 

C2H6 
C2H4 

C3H8 
C3H6 
C4'S 

C 5 ' S  

H20 

co 

9 
0.02 

3.27 
3.11 
0.024 

0.049 

0.002 

0.021 
0.064 

0.48 

0.002 
0.050 

0.035 

0.12 
0.005 
0.10 

0.038 

0.014 

0.11 
0.07 

% o f  S t a r t i n g  Feed 

0.53 

86.3 
82.1 

0.62 

1.3 

0.05 

0.56 
1.7 

12.7 

0.05 
1.3 

0.9 
3.1 

0.12 
2.8 

1 .o 
0.4 

2.8 
0.2 

Total Recovered 3.779 99.4 
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TABLE 111 

Yields 

S o l i d  

L iqu id  
2-decanone 

acetone 
1-hexene 

n-hexane 
2-hexenes/C6H6 
1-heptene 
n-hexane 

2-heptenes/C7Hs 
1-octene 

n-octane 
2-octenes/EB,X YL 

CH3COs' o r  CH3 CO-cyclohexyl 
o thers 

Gases 

H2 
CH7 

C2H6 
C2H4 

C3H8 
Cq's 
C5'S 

"20 

co 

TOTAL RECOVERED 

2-DECANONE PYROLYSIS 

1-2 SEC. VAPOR RESIDENCE TIME 

3.73 g 
Feed 

-550'C 6 5 c  

9 
0.09 

3.67 
3.59 

0.003 

tr 

0.022 

0.029 

t r  

t r  

0.034 

0.093 

0.005 
0.013 

0.015 

0.001 
0.008 
0.024 

0.023 
0.004 

3.85 

x of 
Star t ing  Feed 

2.4 

98.4 
96.2 

- 
0.07 

tr 

0.61 

- 
0.80 

t r  
- 

tr 

0.93 

2.5 

0.1 

0.3 - 
0.4 
tr 

0.2 
0.6 

0.6 

0.1 

103.2 

_e 
0.45 

1.81 
1.23 
0.036 

0.039 

0.011 
0.101 

0.093 
0.009 

0.051 

0.091 

0.010 

0.047 
0.015 
0.87 

0.84 

0.112 

0.115 

0.053 

0.108 
0.097 

0.033 
0.003 

0.303 

0.009 

3.10 

x of 
S t a r t i n g  Feed 

12.1 

48.5 
33.1 

1 .o 
1.1 
0.31 
2.71 

2.89 
0.25 

1.37 
2.45 

0.27 

1.25 

0.40 
2.34 

22.5 

3.0 

3.1 

1.4 

2.9 

2.6 
0.9 
0.1 

8.1 

0.2 

83.1 
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llBCBANISTIC UODELING OF TEE PYROLYSIS OF ETBYLBAB BBIDGED POLYMERS 

K.R. Squ i re ,  P.R. Solomon, MOB. DiTaranto and R.W. Carawelo 

Advanced F u e l  Research. IIIC.. 87 Church S t r e e t ,  Bast Hartford, CI  06108, USA 

Recently, Solomon and King r epor t ed  a tar  fo rma t ion  model app l i cab le  t o  t h e  py ro lys i s  
of so f t en ing  bi tuminous c o a l s  (1). The i r  theory combined the random cleavage of weak 
bonds ( s i m i l a r  t o  a concept  used by Gavalas and coworkers (2)) w i t h  t r a n s p o r t  of 
depolymerizat ion f r agmen t s  by vapor i za t ion  and d i f f u s i o n  ( l i k e  Unger and Suuberg 
(3)). It p red ic t ed  c h a r  and tar y ie lds  and molecular  weight  d i s t r i b u t i o n s  and 
provided s e v e r a l  i n s i g h t s  i n t o  t h e  r o l e  of donatable  hydrogen and the  dependence of 
product d i s t r i b u t i o n s  on r e a c t i o n  condi t ions.  

The Solomon and King (SK) theory was developed using model polymers which con ta in  
func t iona l  groups r e p r e s e n t a t i v e  of c o a l  s t ruc tu re .  Polymers were s tud ied  because 
c o a l  is gene ra l ly  i n s o l u b l e ,  heterogeneous, and chemical ly  complex and is, therefore ,  
d i f f i c u l t  to  use i n  v a l i d a t i n g  models. Several  types of b r idg ing  groups between the  
a romat i c  r i n g s  in t h e s e  polymers were considered;  it was found t h a t  e thy lene  br idges 
decompose in t h e  same t empera tu re  range where c o a l  evolves  t a r  wh i l e  oxymethylene 
b r idges  c l eave  at  t empera tu res  which a r e  too l o w  and methylene b r idges  a t  
temperatures  which a r e  too high (1,4,5). From these  s t u d i e s  it 's been found t h a t  
e thy lene  br idged polymers a r e  q u i t e  va luab le  i n  e l u c i d a t i n g  the  mechanisms of t a r  
formation s i n c e  they have s imple,  wel l  e s t a b l i s h e d  chemical  s t r u c t u r e s  and melt  and 
produce t a r s  under cond i t ions  s i m i l a r  t o  those where s o f t e n i n g  bi tuminous c o a l s  form 
tar. 
b r idges  both play impor t an t  r o l e s  i n  t h e  formation of t a r  during py ro lys i s  of l i g n i n s  (6). 

Although t h e  SK t a r  fo rma t ion  model has been found t o  provide reasonable  p red ic t ions  
f o r  t a r  and cha r  y i e l d s  and f o r  t h e  molecular weight d i s t r i b u t i o n s  of t a r s ,  i t  
con ta ins  t h r e e  s i g n i f i c a n t  conceptual  problems: 

S tud ie s  on l i g n i n s  have a l s o  shown t h a t  c leavage of oxyethylene and e thy lene  

React ion y i e l d s  were con t ro l l ed  i n  t h i s  model by an  a d j u s t a b l e  parametek which 
determined how many donatable  hydrogens were a v a i l a b l e  f o r  capping the  
arylmethylene r a d i c a l s  formed when e thy lene  b r idges  cleave.  This  parameter 
has  been found t o  vary with r eac t ion  cond i t ions  and not  p r e d i c t a b l e  a p r io r i .  
The e f f e c t  of product  o l e f i n i c  br idges on t h e  bond breaking d i s t r i b u t i o n s  was 
not  included. The presence of unbreakable double bonds i n  the  ol igomer 
cha ins  should make i t  less l i k e l y  t h a t  monomers and dimers  w i l l  form. 
It is d i f f i c u l t  t o  extend the SK model t o  include r e a l i s t i c  chemical  
mechanisms s i n c e  t h e  a c t u a l  concen t r a t ions  of e thy lene  and o l e f i n i c  br idges 
a r e  not  monitored. 
computer run- t imes . Attempts t o  co r rec t  t h i s  problem have l e d  t o  excess ive  

paper, a r e v i s e d  ve r s ion  of the  SK model is presented which can Dredict 
product y i e l d s  and molecular  weight d i s t r i b u t i o n s  d i i e c t l y  from i n i t i a l  polymer 
s t ruc tu res .  I n  t h i s  model a l l  t h ree  of t hese  problems have been e l imina ted .  I n  
add i t ion ,  t h i s  new model has  been solved using Monte Carlo techniques,  i s  more 
e f f i c i e n t  computa t iona l ly  than t h e  SK model, and can p o t e n t i a l l y  be expanded t o  
d e t a i l e d  s imula t ions  of extremely complex polymers such a s  coal. 
t h i s  model p r e d i c t s  product  s p e c t r a  d i r e c t l y  from polymer s t r u c t u r e s  without  use of 
ad jus t ab le  parameters ,  i t  can be used t o  i n v e s t i g a t e  t h e  v a l i d i t y  of a l t e r n a t i v e  
py ro lys i s  mechanisms. S imula t ions  us ing  t h i s  model sugges t  t h a t  i p s o  s u b s t i t u t i o n s  
by H r a d i c a l s  occur  d u r i n g  the rma l  decomposition of e thy lene  br idged polymers and 
t h a t  r a d i c a l  recombinat ion r eac t ions  play an  important  r o l e  i n  determining the  
molecular weight  d i s t r i b u t i o n s  of py ro lys i s  t a r s .  

Furthermore, s i n c e  
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Poly(p-xylylene), 1, was purchased from Frinton Laboratories. As a byproduct of 
di-p-xylylene (p-cyclophane) synthesis, this polymer was very impure and contaminated 
with the dimer. 

Poly(l,4-dimethylenenaphthalene), 2, as prepared at Iowa State University using an 
adaptation of Golden's synthesis for poly(dimethy1enedurene) (7). This synthesis was 
accomplished using phenyllithium to couple the bis(bromomethy1) derivatives which 
were prepared from dimethylnaphthalenes using N-bromosuccinimide and benzoyl peroxide 
in CC14. The degree of polymerization (DP), defined as the number of monomer units 
in a polymer molecule, is estimated to be 64 (MW = 10,000). 
polymers as models for coal chemistry vas recently described by Squires et al. (E). 

Several pyrolysis experiments, including slow heating rate and flash pyrolyses, were 
carried out on these ethylene bridged polymers using an apparatus which employs an 
electrically heated grid within an infrared cell to provide on-line, in-situ analysis 
of evolved products by Fourier Transform Infrared (FT-IR) spectrometry. 
these experiments have been described previously (1,lO). 
Spectrometry (FIMS) were performed at SRI International and have been described by 
St. John and coworkers (11). 

It was purified by Soxhlet extraction in toluene for two days. 

Additional use of these 

Details of 
Field Ionization Mass 

TBgoBY 

The original SK tar formation model considered the molecular weight distribution, Qi 
in the reacting polymer and the molecular weight distribution, Ni of the tar, where Qi 
and Ni are the molar quantities of the polymeric component with DP=i in the reacting 
polymer and in the tar. The rate of change of Qi was written as: 

where dFi/dt was the rate of formation for the component with DP=i from the 
decomposition of components with DP)i in the reacting polymer; dBi/dt was the rate of 
disappearance by decomposition of the component with DP=i in the reacting polymer; and 
dNi/dt was the rate of transport of fragments with DP=i from the particle as tar or gas. 

The terms of dFi/dt and dBi/dt were the rate of creation and destruction of oligomers 
vith DP=i through the cleavage of weak bonds. The cleavage of these weak bonds was 
assumed to be a first order process with a rate constant k, be., the rate at which 
bonds break was k times the number of breakable bonds. It was further assumed that 
all' bonds in a given oligomer were equivalent and were breakable. 
vere (i-1) bonds in the polymeric component with D P = i ,  and the breaking of any one of 
them would remove that component from the distribution parameter Qi, the rate of 
destruction for the component i was written as 

Thus, since there 

dBidt/dt-(i-l)kQi 

Similar arguments were also used to write down the rate at which component i was 
created from oligomers with DP=j 7 i (see Eqs. 3 and 4 of Ref. 1). 

From Eqs. 1 and 2 it can be seen that this model only kept track of the molar 
quantities of tar and polymer oligomers; the actual concentrations of ethylene or 
olefinic bridges were not monitored. Instead, it was assumed that a DP=i oligomer 
always contained (i-1) breakable ethylene bridges. 

Since weak ethylene bridges were not explicitly removed when they donated hydrogens to 
"cap" free radicals, another parameter was necessary to determine the extent of 
reaction. In the SK model, the extent of reaction was controlled by an adjustable 
parameter, Fpdb. defined as the fraction of weak bonds (ethylene bridges) whose 
resulting free radicals could be stabilized by donatable hydrogens. 
of cleaved bonds was continuously monitored during a pyrolysis simulation and. when it 

The total number 
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go t  l a r g e r  t han  Fpdb. t h e  r e a c t i o n  was s a i d  t o  have completed. 
con t ro l l ed  char  and t a r  y i e l d s  in t he  o r i g i n a l  SK model. Unfortunately,  t h i s  parameter 
va r i ed  from polymer to polymer and a l s o  depended upon r e a c t i o n  condi t ions.  It could not 
be predicted from j u s t  a knowledge of t h e  polymer's 6 t r u c t u r e  and r eac t ion  condi t ions.  

Th i s  fo rmula t ion  f o r  tar  formation l e d  t o  s imple equat ions which were easy t o  so lve  
and a l s o  produced r easonab le  p red ic t ions  f o r  t a r  molecular weight d i s t r i b u t i o n s  (1.4). 
However. i t  is c l e a r l y  i n c o r r e c t  t o  assume t h a t  a DP=i ol igomer always con ta ins  (i-1) 
breakable  bonds, because a s  t he  depolymerizat ion r eac t ion  proceeds, many e thy lene  
br idges a r e  converted t o  o l e f i n i c  br idges fo l lowing  t h e i r  use a s  hydrogen sources. 
Towards t h e  end of t a r  fo rma t ion  i t  is e n t i r e l y  poss ib l e  t h a t  a DP=i ol igomer would 
con ta in  no breakable  e thy lene  bridges. I n  a more r e a l i s t i c  model the a c t u a l  numbers 
of both o l e f i n i c  and e t h y l e n i c  bonds need t o  be monitored. 

To take i n t o  account  t h e  e f f e c t  of o l e f i n i c  b r idges  i t  is necessary to keep t r ack  of 
t h e  number of o l igomers  w i t h  no double bonds, v i t h  1 double bond, w i t h  2 double  bonds, 
e t c .  This means t h a t  f o r  each DP=m oligomer, t he  concentrat ions of m double bond 
combinations need t o  b e  monitored. To fo l low the  depolymeriza ion of a polymer with 

need t o  be followed. The t ime evo lu t ion  of each of t hese  oligomer concen t r a t ions  is 
descr ibed by a s e p a r a t e  d i f f e r e n t i a l  equation. Thus, even t h i s  s imple model 
improvement l e a d s  t o  a d rama t i c  i nc rease  in t he  computat ional  e f f o r t  necessary t o  
so lve  it! 
a new approach t o  t h e  modeling of t a r  formations has been developed. 

The e s s e n t i a l  problem of modeling polymer pyrolyses  is simply t h a t  each modified 
ol igomer is t e c h n i c a l l y  a new chemical  species .  A s  more complex ol igomers  a r e  
t r ea t ed .  t h e  number of d i f f e r e n t i a l  equat ions desc r ib ing  t h e  t ime evo lu t ions  of 
t hese  ol igomers  r a p i d l y  p r o l i f e r a t e s  and becomes computat ional ly  unmanageable. 
An a l t e r n a t i v e  approach is t o  u se  Monte Carlo modeling techniques. 

I n  a Monte Carlo s i m u l a t i o n ,  s epa ra t e  d i f f e r e n t i a l  equat ions f o r  t h e  concen t r a t ions  of 
i nd iv idua l  modified o l igomers  a r e  not  e x p l i c i t y  solved. In s t ead ,  a s m a l l  
r ep resen ta t ive  sample of polymer molecules is symbolical ly  cons t ruc t ed  in t h e  memory of 
a computer. 
s u b s t i t u e n t s  are a t t a c h e d  t o  a given monomer, and how the monomers a r e  connected t o  
each other. 
a r e  a t tached t o  o the r  monomers o r  subs t i t uen t s ;  t h e  next  fou r  colums i n d i c a t e  the  bonds 
involved in each  a t t achmen t ;  and t h e  l a s t  keeps t r a c k  of each monomer's i d e n t i t y  (e.& 
benzene o r  naphthalene r ings) .  A s epa ra t e  row is s to red  i n  t h i s  a r r a y  f o r  each monomer 
included i n  t h e  s imula t ion .  
bonding p a t t e r n s  s t o r e d  t h i s  a r r a y  according t o  t h e  k i n e t i c  and vapor i za t ion  r a t e  laws 
of the t a r  formation model. 

In the c u r r e n t  conf igu ra t ion ,  25-40 polymer molecules can be s imula t ed  during a s i n g l e  
run  s o  t h a t  approx ima te ly  1200 e thy lene  br idges a r e  being decomposed. 
can  be connected t o  a s  many a s  fou r  o the r  monomers o r  r i n g  subs t i t uen t s .  
d i f f e r e n t  monomers and twenty bond types can be used t o  cons t ruc t  t he  polymers f o r  
each s imulat ion.  For example, unreacted polymer 1 would be s imula t ed  using only 
benzene monomers, e t h y l e n e  b r idge  connect ions between monomers, and methyl end groups 
f o r  t he  t e r m i n a l  monomers of  each polymer chain. 
proceeded, new bond t y p e s  would be introduced (e+ o l e f i n i c  b r idges  between monomers) 
t o  desc r ibe  t h e  g radua l  decomposition of t he  polymer. 

Vaporizat ions a r e  s i m u l a t e d  by removing a n  oligomer from t h e  computer's memory, by 
adding its mass to  the  running t a r  y i e ld ,  and by pu t t ing  a count in t h e  appropr i a t e  b in  
of a f i l e  desc r ib ing  t h e  molecular weight d i s t r i b u t i o n  of t h e  evolving t a r .  
example, when a molecu la r  weight  312 trimer from polymer 1 vaporizes  (composition: 
benzene monomers, 2 t e r m i n a l  methyl groups, 1 o l e f i n i c  b r idge ,  1 e thy lene  br idge) ,  a l l  
i t s  Pieces  would be removed from the  bonding a r r ays ,  312 atomic mass u n i t s  would be 

Thus, Fpdb d i r e c t l y  

i n i t i a l  chain l eng th  n. t he  concen t r a t ions  of approximately (n 5 )/2 d i f f e r e n t  ol igomers  

To avoid so lv ing  these  complex networks of coupled d i f f e r e n t i a l  equat ions,  

A bonding a r r a y  is used t o  keep t r a c k  of each monomer's i d e n t i t y ,  which 

The f i r s t  f o u r  columns of t h i s  a r r y  a r e  po in t e r s  i n d i c a t i n g  how monomers 

Pyro lys i s  is s imula t ed  by s t a t i s t i c a l l y  changing the  

Each monomer 
Up t o  f i f t y  

As the  py ro lys i s  s imula t ion  

For 
3 
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added t o  t h e  t a r  y i e ld .  and a s ing le  count would be added t o  b i n  312 of t h e  t a r ' s  
molecular weight d i s t r i b u t i o n  f i l e .  

A t y p i c a l  S imula t ion  proceeds a s  follows: A s e r i e s  of random numbers a r e  chosen to  
de te rmine  which "global" r e a c t i o n s  occur. I n  the  cu r ren t  conf igura t ion ,  oligomer 
evapora t ions  and a complex network of r eac t ions  desc r ib ing  the decomposition of 
e thylene  br idges  a r e  t h e  "global" react ions.  The random numbers a r e  compared wi th  
normalized r eac t ion  v e l o c i t i e s  t o  see  if the  pending r eac t ion  w i l l  occur. 
random number is l a r g e r  than  the  ve loc i ty ,  then the  program branches t o  a subrout ine  
which performs the  appropr i a t e  r e a c t i o n  "chemistry" on t h e  oligomer a r rays .  
random number is sma l l e r  than  the  ve loc i ty ,  then the next r eac t ion  is t e s t e d  u n t i l  t he  
l ist  is exhausted. Af t e r  every twenty i t e r a t i o n s  through the r eac t ion  l i s t ,  t i m e  is  
incremented us ing  t h e  observed concent ra t ion  changes and r eac t ion  v e l o c i t i e s .  The 
s imula t ion  cont inues  u n t i l  a p re se t  t ime is  reached or no f u r t h e r  changes i n  the 
bondiiig a r r a y s  a r e  occurring. 

The r e a c t i o n s  which have been included i n  the mechanism f o r  e thylene  b r idge  
decomposition a r e  presented  i n  Fig. 1. I n  Step 1, e thy lene  b r idges  homolyt ica l ly  
c leave  t o  form two ary lmethylene  r ad ica l s .  
and i t s  k i n e t i c  r a t e  cons t an t s  a r e  i n  good agreement wi th  p red ic t ions  based upon 
thermochemical k i n e t i c s  ca l cu la t ions  (5). 

The a ry lmethylene  r a d i c a l s  can then r e a c t  i n  s i x  ways: they can a b s t r a c t  hydrogens 
from unreacted e thylene  b r idges  (Step 2) or butylene br idges  (S tep  3), they  can 
s u b s t i t u t e  f o r  e thylene  br idges  (Step 4) o r  a romat ic  methyl groups (Step 5), and they 
can recombine wi th  o t h e r  a ry lmethylene  r a d i c a l s  (Step 6)  o r  w i th  e thy lene  br idge  
r a d i c a l s  (Step 7). Which of t hese  pathways occurs dur ing  a g iven  pass through the  
"chemistry" subrout ine  is determined by comparing a random number wi th  a set of 
normalized branching p r o b a b i l i t i e s .  
p r o b a b i l i t i e s  a r e  used t o  de te rmine  how the  decomposition proceeds,  but i n  a f u t u r e  
model we p l an  t o  c a l c u l a t e  t he  ind iv idua l  v e l o c i t i e s  of t he  r eac t ions  i n  Fig. 2 u s ing  
r a t e  cons t an t s  and s teady  s t a t e  r a d i c a l  populations.  I n  these  s imula t ions ,  branching 
p r o b a b i l i t i e s  w i l l  be the normalized r a t i o s  of t hese  r eac t ion  r a t e s .  

S teps  2-5 l ead  t o  new r a d i c a l s  vhich cont inue  t o  r e a c t  wh i l e  6 and 7 produce s t a b l e  
bonds and t e rmina te  the  reac t ion .  The butylene br idge  r a d i c a l s  of Step 3 a r e  assumed 
t o  spontaneously decompose v i a  a @ e l i m i n a t i o n  r eac t ion  i n t o  an e thy lene  br idge  
r a d i c a l  and an o l e f i n i c  br idge ,  Step 11. The a r y l e t h y l  and methyl r a d i c a l s  produced 
i n  S teps  4 and 5 a r e  assumed t o  s t a b i l i z e  v i a  a b s t r a c t i o n  of hydrogens from unreacted 
e thylene  br idges ,  S t eps  15 and 16. Thus, a l l  four  of t he  r e a c t i v e  pathways f o r  
arylmethylene r a d i c a l s  eventua l ly  form an e thylene  br idge  r ad ica l .  

I n  t h i s  model, e thy lene  br idge  r a d i c a l s  a r e  allowed t o  r e a c t  i n  th ree  ways: 
d i sp ropor t iona te  (S tep  8) .  they  can recombine t o  form buty lene  br idges  (S tep  9). or  
they can decompose v i a  a ) -e l imina t ion  r eac t ion  i n t o  a hydrogen r a d i c a l  and an 
o l e f i n i c  br idge  (S tep  10). 

The hydrogen r a d i c a l s  formed i n  Step 10 can  then  r e a c t  i n  th ree  ways: 
a b s t r a c t  hydrogens t o  s t a b i l i z e  (Step 12). they can s u b s t i t u t e  f o r  e thy lene  br idges  
(Step 13). o r  they can  s u b s t i t u t e  f o r  a romat ic  methyl groups (Step 14). 
and methyl r a d i c a l s  formed i n  S teps  13  and 14 a r e  assumed t o  s t a b i l i z e  v i a  hydrogen 
abs t r ac t ions  from unreac ted  e thylene  br idges ,  S teps  15 and 16. Thus, a l l  t he  
r eac t ions  of hydrogen r a d i c a l s  lead  t o  the format ion  of new e thy lene  b r idge  r a d i c a l s  
t o  r ep lace  t h e  ones l o s t  when Step  10 formed H r ad ica l s .  

This complex network of r e a c t i o n s  i s  an ex tens ion  of t h e  mechanisms proposed by S t e i n  
(12) and Poutsma (13) f o r  t h e  py ro lys i s  of diphenylethane. 
model, t hese  r eac t ions  a r e  c a r r i e d  out  on t he  polymer bonding a r r a y s  each t ime the  
s imula t ion  de te rmines  t h a t  an e thylene  br idge  has decomposed. 
diagram which shows how the  "chemistry" is c a r r i e d  out  by the s imula t ion .  

I f  t h e  

I f  t he  

This s t e p  is assumed t o  be r a t e - l i m i t i n g  

I n  t h e  cu r ren t  program f ixed  branching 

they can 

they  can 

The a r y l e t h y l  

I n  the  cu r ren t  Monte Carlo 

F igure  2 is a f low 
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as predic ted  by t h e  SK model. With 90% recombina t ion  of end r a d i c a l s  (Fig. 5c) the 
increase  i n  h igh  molecular  weight  oligomer counts is s i zeab le ,  whi le  recornbinations 
of bridge r a d i c a l s  (5d) make h igh  molecular  weight oligomers l e s s  abundant. 

Comparing the  expe r imen ta l  FIMS d a t a  fo r  polymer 1, Fig. 5a,  wi th  t h e s e  s imula ted  
spec t r a  i t  i s  apparent  t h a t  even higher end r a d i c a l  recombination f r equenc ie s  a r e  
necessary t o  reproduce t h i s  polymer's  uneven oligomer pa t t e rns .  C lea r ly ,  however, 
recombinations of b r idge  r a d i c a l s  can not be con t r ibu t ing  t o  the observed maximum i n  
t h i s  polymer's FIMS data .  

To understand why recombina t ions  of end r a d i c a l s  lead  t o  increased  popula t ions  of high 
molecular weight o l igomers  wh i l e  recombinations of br idge  r a d i c a l s  decrease  t h e i r  
populations,  w e  need t o  cons ide r  t he  counting s t a t i s t i c s  f o r  each type  of r a d i c a l :  fo r  
end r a d i c a l s  t he  p r o b a b i l i t y  of a r a d i c a l  occur r ing  on an oligomer is  independent of 
chain l eng th  ( they  occur only  a t  t he  ends of cha ins)  wh i l e  f o r  br idge  r a d i c a l s  the 
p robab i l i t y  of a r a d i c a l  occu r r ing  on an oligomer inc reases  w i t h  cha in  l eng th  (more 
bridges inc rease  the  number of s i t e s  w h e r e  a r a d i c a l  can occur). 

When two end r a d i c a l s  recombine, o l igomers  can be l o s t  i n  t h e  format ion  of l a r g e r  
oligomers or they  can be  formed from sma l l e r  ones. For t h e  DP = i oligomer,  t he  terms 
appearing i n  the  t ime  d e r i v a t i v e  would be: 

( 3 )  

Here the f ' s  a r e  t h e  p r o b a b i l i t i e s  of forming each r a d i c a l  oligomer and a is t h e  
l a r g e s t  oligomer which can  recombine. The f irst  term i s  due t o  format ions  from 
sma l l e r  o l igomers  and t h e  second i s  due t o  l o s s e s  i n  the  format ion  of l a r g e r  
oligomers. 
oligomer a r e  formed by t h e  homolyt ic  bond cleavage r e a c t i o n  (Fig. 5b), s o  w e  conclude 
t h a t  f i  i s ,  t o  f i r s t  approximat ion ,  a cons t an t  and i s  independent of the degree  of 
polymerization. 

From t h e  SK t a r  model w e  know t h a t  roughly equal  numbers of each s i z e  

P u t t i n g  f i  = c i n t o  equat ion  3 t h e  r e s u l t  is: 

Ri = c*(i-a-l)  ( 4 )  

Thus, recombina t ions  of end r a d i c a l s  decrease  the r a t e  of format ion  of a l l  oligomers 
but they a f f e c t  t h e  t i m e  d e r i v a t i v e s  of l a r g e  r a d i c a l s  less than those  of sma l l  ones. 
The net e f f e c t  is a s h i f t  i n  t h e  t a r  mass spectrum towards longer  cha in  l eng th  oligomers.  

When end r a d i c a l s  recombine w i t h  bridge r a d i c a l s ,  a d i f f e r e n t  r e s u l t  is found. Now 
the terms appear ing  i n  t h e  t ime d e r i v a t i v e  a r e  products of t h e  p r o b a b i l i t y  of f ind ing  
end r ad ica l s ,  f ' s ,  and t h e  p robab i l i t y  of f ind ing  r a d i c a l  b r idges ,  g 's .  

i -2  i- 1 a 

i = l  i = 2  i = 2  ,=1 
- f i &  Pj - p i c  f j  ( 5 )  Ri = c gi - j f j  + c f i - j g j  

The  f ' s  a r e  s t i l l  in i ependen t  of th; degree of polym;rization, i.;., f i  = C. 

the g 's  a r e  p ropor t iona l  t o  the  number of br idges  i n  an oligomer or gi = b(i-1). 
these p r o b a b i l i t i e s  a r e  i n s e r t e d  i n  Eq. 5. t h e  sums a r e  s l i g h t l y  more d i f f i c u l t  but 
can s t i l l  be c a r r i e d  out .  We f i n d  t h a t  

However, 
When 

Ri = b c ( i 2  - (3  + a ) i  + 2 + a - 2) a (a  - ') (6) 

This con t r ibu t ion  t o  t h e  t ime  d e r i v a t i v e s  is  quadra t i c  i n  t h e  degree of po lymer iza t ion  
and reaches a minimum a t  i = (a + 3)12. For our s imula t ions ,  recombinations can occur 
f o r  a t  l e a s t  40 o l igomers  ( the  s t a r t i n g  degree  of po lymer iza t ion)  so t h i s  minimum .pa 
occurs at a DP of a t  least 21. 
t h i s  formula  w e  f i nd :  

I n s e r t i n g  a = 40 and some t y p i c a l  va lues  of i i n t o  

R 1  = -781 bc Rg - -928 bc R10 - -1068 bc R15 - -1158 bc ( 7 )  

Thus, f o r  recombina t ions  between end and bridge r a d i c a l s ,  t h e  con t r ibu t ions  t o  the 
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r a t e s  of format ion  of  t h e  o l igomers  w i t h  DP<21 a r e  a l l  nega t ive  and g e t  more nega t ive  
w i t h  i n c r e a s i n g  c h a i n  length.  These terms r e s u l t  i n  t h e  format ion  of r e l a t i v e l y  fewer 
midsized oligomers when t h e s e  recombinations occur than  when no recombinations occur. 

S i m i l a r  c a l c u l a t i o n s  fo r  recombinations of two br idge  r a d i c a l s  can a l s o  be c a r r i e d  out  
and y i e l d  a cubic  equat ion  f o r  Ri. 
and g e t s  more nega t ive  w i t h  i n c r e a s i n g  oligomer cha in  lengths.  
bridge r a d i c a l s  a l s o  r e s u l t  in t h e  format ion  of r e l a t i v e l y  fewer midsized oligomers 
during p y r o l y s i s  of t h e s e  e t h y l e n e  bridged polymers. 

Both k inds  of recombination r e a c t i o n s  a r e  probably important in pyrolyses  of e thylene  
bridged polymers, l i g n i n s ,  and coals.  The maximum i n  t h e  FIMS d a t a  of polymer 1 seems 
t o  be caused by recombination of end r a d i c a l s  whi le  rap id  mass drop-offs a r e  observed 
in t h e  FIMS s p e c t r a  of l i g n i n s  (6). l i g n i t e s  (1). and e t h y l e n e  bridged methoxybenzene 
polymer (5). 

This  cubic  is negat ive  in t h e  range DP - 1 t o  15 
Thus, recombinations of 

Examples of t h e s e  FIMS s p e c t r a  w i l l  be presented  dur ing  t h e  talk.  
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F i g .  1 Proposed Mechanism for the Decomposition of Ethylene Bridges. 
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Fig. 2 Flow Diagram for the Decomposition of Ethylene Bridges. 

395 



D 

i 

+ - +  

+ 

O 
n & 

N 

!4 

g 
d 
0 D. 

!4 

'u 

m 
8 

2 

rl 
U 
m r( 

.rl 
m 

0 
r( !4 

m V 

m Y 

C 

P 
U 
m 
l4 

M 
4 tu 

Lo 

0 
..i U 

Y 

396 



1 1 

I 

' I  

I' 

I 

i 
/ 

I 

$2 
L 7 I Z  -".-A' 

4 

L L t l Z  v) 0 s  
OEEZ P 

8 
u) 

0 s 

8 
N 

0 SUM3 3l U3EYIW 

0 0 

'0 
0 

0 

4 
0, 

n 

0 

4 

1ZCI 
00 

11151131111 'YYOJ * 
397 



SOLVENT EFFECTS DURING THE R E A C T I O N  OF COAL AND 
BIOMASS MODEL COMPOUNDS I N  DENSE WATER 

J. R. Lawson. J .  R.  Obst, M. A. Abraham, S. H. Townsend and M. T .  K l e i n  
U n i v e r s i t y  o f  Delaware 

Department o f  Chemical Engineering 
Newark, DE 19716 

INTRODUCTION 

The chemical reac t i ons  t h a t  accompany the  e x t r a c t i o n  (1) o f  v o l a t i l e s  
from hydrocarbon resources w i t h  s u p e r c r i t i c a l  water (SCW) are f requen t l y  
obscured by the  comp lex i t i es  o f  t he  reac t i on  system. I n  contrast ,  t h e  
comparative s i m p l i c i t y  o f  model compound s t ruc tu res  and product spectra permi t  
r e s o l u t i o n  o f  r e a c t i o n  fundamentals ( 2 )  and subsequent in ference of  the 
f a c t o r s  t h a t  c o n t r o l  t he  reac t i ons  o f  r e a l  r e a c t i n g  systems. Here in we use 
model compounds t o  probe the k i n e t i c s  o f  the p y r o l y s i s  and s o l v o l y s i s  
r?ac t i ons  :hat l i k e l y  occur du r ing  t i l e  e x t r a c t i o n  o f  v o i a t i l e s  from coals and 
l i g n i n s .  

m i m i c  o f  key s t r u c t u r a l  aspects o f  l i g n i n ,  i n  SCk' ( 3 )  e luc ida ted  p a r a l l e l  
p y r o l y s i s  and h y d r o l y s i s  pathways, t h e  s e l e c t i v i t y  t o  the  l a t t e r  i nc reas ing  
l i n e a r l y  w i t h  water densi ty .  Guaiacol decomposition k i n e t i c s  were 
i n t e r e s t i n g l y  non l i nea r  i n  water dens i t y ,  which suggested the p o s s i b i l i t y  o f  
unusual cage o r  so l ven t  e f f e c t s  a t t r i b u t a b l e  t o  dense f l u ids .  
observed q u a l i t a t i v e l y  s i m i l a r  behavior f o r  t he  reac t i on  o f  each o f  dibenzyl 
e the r  (DBE), benzyl phenyl amine (BPA), and benzyl phenyl su lph ide (BPS) i n  
SCW and wish t o  r e p o r t  a candidate reac t i on  network t h a t  u n i f i e s  t h e  previous 
and present model compound r e s u l t s .  

RESULTS 

A prev ious study o f  t he  reac t i on  of guaiacol (orthomethoxyphenol), a 

We have 

Table I summarizes the reac t i on  cond i t i ons  o f  temperature, reac tan ts '  
concentrat ions and h o l d i n g  time. 
commercial ly a v a i l a b l e  ( A l d r i c h )  subst rates DBE, BPA and BPS were entered i n t o  
room temperature s t a i n l e s s  s t e e l  " t ub ing  bombs" t h a t  have been descr ibed 
elsewhere (3). 
constant  a t  the des i red  reac t i on  temperature, which was a t ta ined  by the 
reac to rs  i n  about 2 min; t h i s  heat-up pe r iod  was small compared t o  u l t i m a t e  
r e a c t i o n  t imes (up t o  40 min) and was, i n  any case, i d e n t i c a l  f o r  a l l  runs. 
Products were i d e n t i f i e d  by GC-MS and q u a n t i t a t e d  by GC as described elsewhere 

Measured amounts of t ap  water and the 

Sealed reac to rs  were immersed i n t o  a f l u i d i z e d  sand bath held 

(3,4). 

Neat DEE p y r o l y s i s  l e d  t o  to luene and benzaldehyde as major products 
a long w i t h  l e s s e r  amounts o f  benzene and benzyl alcohol. 
gave benzyl a lcohol ,  toluene, benzaldehyde and h igh molecular weight ol igomers 
(4 )  as major products  along w i t h  l ,e-diphenylethane, diphenylmethane and 
tr iphenylmethane as minor  products. The in f l uence  o f  water dens i t y  ( S )  on DBE 
decomposit ion k i n e t i c s  i s  i l l u s t r a t e d  i n  F igure 1, where DBE conversion ( x )  i s  
p l o t t e d  against  water  dens i t y  f o r  parametr ic  values o f  t he  reac t i on  t ime a t  

DBE reac t i on  i n  SCW 
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374°C. 
these occurred a t  about S = 0.4 i 0.05 i n  a l l  cases. 

major  Products and minor  products i n c l u d i n g  1.2 diphenylethane and 2-benzyl- 
a n i l i n e .  BPA r e a c t i o n  i n  water was t o  benzyl a l coho l  and benzaldehyde 
as  w e l l  as t h e  neat p y r o l y s i s  products. The i n f l u e n c e  
of S on BPA r e a c t i o n  k i n e t i c s  a t  386°C i s  I l l u s t r a t e d  i n  F igu re  2. For each 
r e a c t i o n  t ime  i l l u s t r a t e d  i n  F igure 2, BPA convers ion passes through a minimum 
as water  dens i t y  increases. 

Neat p y r o l y s i s  of BPS was t o  t h e  major product to luene as we l l  as 
th iophenol ,  pheny ld i su l f i de ,  and pheny lsu l f i de .  Oiphenylmethane and 
1-2-diphenylethane were minor products. BPS r e a c t i o n  i n  water l e d  t o  a l l  o f  
t h e  neat p y r o l y s i s  products  except diphenylmethane, as we l l  as minor amounts 
o f  benzaldehyde. 
i l l u s t r a t e d  i n  F igu re  3. For  each r e a c t i o n  t ime  i n  F igure 3, BPS convers ion 
passes through a minimum as water dens i t y  increases. 

D I S C U S S I O N  

Note t h a t  each curve i n  F igure 1 passes through a minimum value o f  x; 

P y r o l y s i s  o f  BPA l e d  t o  toluene, a n i l i n e ,  benza lan i l i ne  and o l igomers as 

The i n f l u e n c e  of  S on BPS r e a c t i o n  k i n e t i c s  a t  300°C i s  

Two experimental observations common t o  t h e  reac t i on  o f  each o f  
guaiacol ,  OBE, BPA and BPS m e r i t  summary. F i r s t ,  t he  o v e r a l l  r eac t i on  o f  each 
subs t ra te  i n  dense water  comprised p a r a l l e l  p y r o l y s i s  and s o l v o l y s i s  pathways, 
w i t h  t h e  s e l e c t i v i t y  t o  the l a t t e r  i nc reas ing  cont inuously  w i t h  i nc reas ing  
water densi ty .  Second, and f o r  a constant  reac t i on  temperature and t ime,  each 
r e a c t a n t ' s  convers ion passed through a minimum as t h e  water dens i t y  increased. 
These observat ions are consis tent  w i t h  the two complementary mechanis t ic  
i n t e r p r e t a t i o n s  t h a t  form t h e  basis o f  the model reac t i on  networks o f  F igures 
4a and 4b. We consider  these separately. 

I n  t h e  mechanism represented i n  F igure 4a, t he  general reac tan t  R can 
f o l l o w  e i t h e r  p y r o l y s i s  or s o l v o l y s i s  r q c t i o n  paths. 
f ragmentat ion o f  R t o  product  spectrum P 1  may, i n  general,  r e q u i r e  hydrogen 
consumption, which w i l l  be provided by the  reac tan ts  themselves. Thus, n o f  
F igu re  4a w i l l  t y p i c a l l y  be 3, 0, 1 and 1 f o r  guaiaAol, DEE, BPA and BPS, 
respec t i ve l y  (3,5). So lvo l ys i s  t o  product  spectrum P i n  F igu re  4a i s  modelled 
t o  occur through a so l va ted  reactant  in termediate,  Rg, t h a t  i s  caged by m 
water molecules. 
r e a c t i o n  product spectrum from P1 ( p y r o l y s i s - l i  ke)  toward P2 ( s o l v o l y s i s -  
l i k e ) .  

Three mode l l i ng  approximations a l lowed a n a l y t i c a l  d e r i v a t i o n  o f  a r a t e  
expression f o r  t h e  network o f  F igure 4a. 
considered t o  be r a p i d  and i n  v i r t u a l  e q u i l i b r i u m  a t  r e a c t i o n  condi t ions.  
Th is  i s  not  t r u e  du r ing  the small heat-up period. Second, so lvated reac tan t  
molecules were modelled t o  be caged and thus unable t o  f o l l o w  t h e  neat 
p y r o l y s i s  r e a c t i o n  path. 
e x i s t  on ly  a t  reac t i on  condi t ions,  and ambient ana lys i s  by gas chromatography 
would thus  p rov ide  the  sum R* = R t RS as the  observable f o r  k i n e t i c s  
analys is .  

Neat p y r o l y t i c  

Increases i n  2 t e r  dens i t y  w i l l  s h i f t  t h s o v e r a l l  observed 

F i r s t ,  reac tan t  s o l v a t i o n  was 

Thi rd,  t he  so lvated species RS was considered t o  
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Eq. 1 i s  a general r a t e  express ion f o r  guaiacol, DBE, BPA and BPS 
disappearance th rough  t h e  network o f  F igu re  4a; t h e  values o f  t h e  r a t e  
express ion parameters w i l l  be d i f f e r e n t  f o r  each reactant. 
values l i s t e d  i n  Table XI, t h e  p r e d i c t i o n s  o f  Eq. 1 and i t s  i n t e g r a t i o n  over 
t i m e  

For  t h e  parameter 

d t  1 + Ks? (1 + kzS l /KsSm) I R* r = - = [ -  -dR* -(n+l)kl + 

a r e  i l l u s t r a t e d  i n  F igures 5a and 5b as p l o t s  o f  t h e  reac t i on  r a t e  and 
conversion, respec t i ve l y ,  as a f u n c t i o n  o f  S a t  a f i x e d  temperature and time. 
Note t h e  p red ic ted  minima a r e  q u i t e  general and i n  accord w i t h  the 
experimental observations. The magnitude and occurrence o f  these minima are 
c l e a r l y  dependent upon t h e  values o f  r a t e  expression parameters. 

through,either a p y r o l y s i s  o r  s o l v o l y s i s  pathway t o  product spectrum 
P o r  Pz,  r e s p e c t i v e l y .  
t h e  a c t i v a t i o n  volume p r e s s w e  dependence, which was n o t  accounted f o r  i n  
F igure 4a; on t h e  o t h e r  hand, cage e f f e c t s  and thus so lvated reac tan t  RS are 
absent i n  F i  gure 4b. Q u a l i t a t i v e l y  , t h e  o v e r a l l  disappearance r a t e  and 
convers ion w i l l  pass through a minimum i n  pressure, and thus water densi ty ,  i f  
k decreases f a s t e r  than k2S w i t h  increases i n  so lvent  concentrat ion S. Cage 
e t f e c t s  i n  F igu re  4a and pressure-dependent r a t e  constants i n  F igure 4b thus 
account f o r  t he  same exper imenta l ly  observed behavior. 

SUMMARY AND CONCLUSIONS 

I n  t h e  mechanism o f  F i g u r e  4b t h e  general reac tan t  R fragments d i r e c t l y  

7 The r a t e  constants  k l  and k2 o f  F igure 4b i nc lude  

The o v e r a l l  r e a c t i o n  o f  each o f  guaiacol, DBE, BPA and BPS i n  dense water 
i s  a superpos i t i on  o f  neat p y r o l y s i s  and s o l v o l y s i s  reac t i on  pathways. 
product  spectra s h i f t  from pu re l y  p y r o l y s i s - l i k e  t o  s o l v o l y s i s - l i k e  w i t h  
increases i n  water concentrat ion.  For a given r e a c t i o n  temperature and t ime, 
t h e  reac tan ts '  convers ions pass through r e l a t i v e  minima as the water concen- 
t r a t i o n  increases. Two mechanis t ic  i n t e r p r e t a t i o n s  p rov ide  cons is ten t  
p red ic t i ons .  The f i r s t  comprises p a r a l l e l  p y r o l y s i s  and s o l v o l y s i s  reac t i on  
pathways, t h e  l a t t e r  occu r r i ng  through a so lvated reactant  i n te rmed ia te  t o  which 
p y r o l y s i s  i s  denied. 
s o l v o l y s i s  pathway w i t h  associated r a t e  constants t h a t  are pressure dependent. 
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Table 1 
Reaction Condi t ions 

Reactant 
Concent r a t i o n  Temperature/'C Hold ing Time/min 

1.71 
1.71 
1.71 

0.564 
0.688 
0.604 

0.547 
0.521 

374 
374 
374 

386 
386 
386 

300 
300 

15 
45 
60 

5 
20 
30 

10 
20 

Table 2 
Rate Expression Parameters Used i n  t h e  P red ic t i on  of  F igure 5 

Pa ramet e r 

n 

k l  

kS 

m 

k 2  401 

Value 

1 

0.06 sec-1 

1.5 mol-1 

1 

0.3 sec-1 mol - 1  
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Chemical Model l ing  in the Manipula t ion  of Lignin  Pyro lys is  P a t h w a y s  

John B. McDermott, Michael T. Klein and John R. Obst' 

Department of Chemical Engineering, U n i v e d Q  of Delaware, Newark, DE 19716 

'USDA Forest Pmducts Laboratory, Box 5130, Madison WI 53705 

1. I n t r o d u c t i o n  

Lignin is an abundant renewable resource of chemical structure apparently amenable to pyrolytic 

depolymerization to phenolics. However, the utility of recovered products is low, as only 1CL15 wt.% of 

lignin mass is typically recovered as single-ring phenolics and the major products are gases, char and 

other high-molecular weight materials. 

Chemical modelling provides insight into the intrinsic chlmical pathways that superimpose t o  make 

observable lignin pyrolysis complex. This use of model compo,md information can also implicate both 

:he favorable and deleterious reaction pathways that may be susceptible to acceleration or 

circumvention through catalysis or solvolysis. Along :hese lines, the three classes of experiments 

reported herein are of : i) lignin pyrolysis; and  thusly derived modification strategies of u) catalytic 

dehydrogenation of lignin prior to pyrolysis and iii) solvolytic depolymerization of lignin in supercritical 

water (SCW). We focus on the reactions of the Bethers that  help link lignin into a polymer, of which 

the glycols veratrylglycol-~-guaacyl ether ( VGE, structure I ) and guaiacylglycol-Bgu$acyl ether ( 

GGE, structure Il ) are simple model.  

I 4 
Thermolyses of pine wood, kraft lignin and a milled wood lignin in S W  also permit scrutiny of the 

relevance of model results to the reactions of real systems. 

2. Exper imenta l  

Table I summvizes the experiments in terms of the reactants, catalysts and solvents, a$ well as the 

asso4ated reaction conditions of temperature, pressure and reactants' concentrations. The reactants 

VGE and GGE were synthesized as described fully elsewhere (1). The reactor was a 316 stainless steel 

batch tubing bomb whose construction and use has been described fully elsewhere (2). Product 

analysis was accomplished by GC and GCMS, which enabled the calculation of a mas6 balance index, 

def,e& here as the sum of the masses of the product spectra components divided by the initial ma% 
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of substrate charged t o  the reactor. 

3. Result. and D i s c d o n  
Resdts M discussed in two major sections. Within the f i t ,  three subsections delineate model 

compound pyrolysis results, a pyrolysis network, and a brief motivation of the modiliution strategies, 

respectively. Within t h e  second major section, subsections present the results and implications of 

model compound, lignin and whole-wood experiments pertainiig to the modfication strategies. 

S.l. Pyrolysis Results and Implications 

3.1.1. Products and K i n e t i w  

5 The four major products of VGE pyrolysis were guaiacol, 3,4-dimethoxyacetophenone (34- 
DMA), and cis and trans forms of the vinyl ether ID. 

m Iv 
Less abundant products were *cresol, reratrole, 3,4-dihydroxyacetophenone, glyolaldehydeguaiacol ether 

(IV), ~hydroxy-3,4-dimethoxyacetophenone and a dimer of the vinyl ether that  had a molecular weight 

of 572 (such as V). 

The temporal variations of both the mass balance and the major products’ molar yields are shown in 

Figure 1 for pyrolysis at 315OC . The mass balance nonclosure became more severe as both reaction 

temperature and time increased and asymptotically approached an approximate value of 0.4. The 

positive initial slope of the  vinyl ether (both cis and trans forms) is suggestive of primary product 

formation. Guaiacol appeared with a smaller but nonzero initial slope and was likely a minor primary 

product; the large ultimate yields of guaiacol indicate that i t  was also a significant secondary product. 

Similarly , 3,4-DMA appeared with a small positive slope that suggests primary product formation. 

The vsriation of the product spectrum with pyrolysis temperature is informative. The only observable 

products a t  250% were the two forms of the vinyl ether, which were s y m p t o t i c d y  stable with time, 

and trace amounts of guaiacol. At the two intermediate temperatures the vinyl ethers appeared with 

initial slopes far greater than that for guaiacol and attained maxima in yield before undergoing 

secondary decomposition. Pyrolysis was so facile a t  380% t h a t  the initial slopes of both vinyl ethers 

and guaiacol could not be determined with precision. Guaiacol yields traversed a madmum at this 

temperature and its secondary decomposition was to *cresol, phenol and catechol products. I t  is also 

interesting to note t h a t  the yield of guaiacol was always in excess of the sum of the yields of 3,CDMA 
and its likely second,ary reaction products acetovanillone and 3,kdihydroryacetophenone @HA). 
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GGE. The major proucts of GGE pyrolysis at 250'C were guaiacol and acetovanillone; lesser 

amounts of cis and trans 1-(3-methoxy-Phydroxyyphenyl)% (2-methoxyphenox~.) ethylene (vinyl ether VI) 
and vinyl-guaiacol 

VI 
The temporal variations of the molar yields of the major products and the mass balance are shown 

in Figure 2. The disappearance rate of GGE far exceeded that of \'GE. T h e  mass balance 

approached an approximate value of 0.4, as was observed for VGE pyrolysis. The initial slopes of 

guaiacol and acetovanillone formation were both positive, suggesting these t o  be primary products, 

although tha t  for guaiacol far exceeded that for acetovanillone. The acetovanillone yield passed 

through a madmum a t  approximately 30 min whereas guaiacol appeared t o  be stable with time. 

Finally, both forms of the ~ i n y l  ether \'I appeared to be primary products. whereas vinyl-guaiacol 

appeared t o  be the product of a secondary reaction. 

S.1.2. Reaction Pathways 

The foregoing suggests tha: VGE pyrolysis comprised the pathways illustrated in Figure 3. Two 

primary pathways were operative, the major of which being dehydration t o  the vinyl ethers and the 

minor being direct fragmentation to guaiacol and, likely, an enol intermediate capable or rapid 

tautomerization t o  3,4-DMk Each of the primary products was susceptible t o  secondary reactions. The  

detection of the dimer of the vinyl ether as well as the progressive nonclosure of obsenable products' 

material balance are both indicative of vinyl ether polymerization to species too heavy to elute during 

GC analyses. Paring of the rinyl ether or its presumed oligomers was b o  clearly operative. It is 

noteworthy tha t  the ultimate material balance of 0.4 is closely equal t o  the weight fraction of the 

guaiacol moiety in VGE. 

Whereas GGE pyrolysis pathways were analogous to those for \'GE, the selectivity t o  each was 

markedly different: 0-8 dehydration of GGE was much less signficant than its cleavage to guaiacol and 

acetovanillone. The large yields of guaiacol, far in excess of the acetovanillone yields, indicate secondary 

guaiacol formation by the cleavage of the guaiacyl group from the vinyl ether VI or any of its 

subsequent polymers. Of interest is the presence of vinyl-guaiacol, which could be a product of the 

homolytic cleavage of vinyl ether VI. Its analogue, vinyl-veratrole, was absent from VGE pyrolysis. 

Acetovanillone was subject t o  secondary degradation. 
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3.1.3. Motivation of C n t s l y t i c  and Solvolytic Modification S t ra teg ies  

The pyrolysis results detailed above show that a significant pe ther  reaction pathway was its 

undesirable dehydration to a vinyl ether that subsequently underwent yield-reducing polymeriration 

reactions. The ultimate recovery of single-ring products from these substrates could thos be enhanced 

by reducing the reaction selectivity to the dehydration pathway. Catalytic dehydrogenation of the 

aliphatic hydroxyls of VGE and GGE to carbonyls would not only prevent the  dehydration, and thos 

circumvent ita asaaiated ill effects, bu t  also allow better utilization of the two snbstrate hydrogen 

atoms that would otherwise be rejected with the nater. For example, shuttling of this hydrogen would 

allow for the stabilization of free-radical formed during the subsequent pyrolysis of a dehydrogenated 

and deoxygenated residue. 

The selectivity of the B-ether reactions may be modired by SCW as well. For example, Lawson and 

Kiein (2) showed that the  reaction of guaiacol in Sa$’ was a superposition of parallel pyrolysis and 

hydrolysis pathways, the selectivity to the latter increasing with increasing water density. The 

hydrolysis of guaiacol t o  catechol and methanol was in material balance and the water apparently 

suppressed a secondary char-forming reaction of catechol. Also. Townsend and Klein (3) showed that 

the hydrolysis by SC\Y of DBE to benzyl alcohol competed with the slower pyro!ysis of DEE toluene 

and benzaldehyde. It thus  seems reasonable that hydrolysis of the &ethers by pathways formally 

similar to those observed for DBE hydrolysis could compete w i t h  the formation of the vinyl ethers and 

circumvent its polymerization. In short, the reactions of guaiacol and DBE in S O \ ’  suggest that a 

suitable modMcation of the be ther  reaction might be achieved in SCW. 

In what follows directly we describe the results of the experiments relevant to both of these strategies 

3.2. Modification S t ra tegy-Rela ted  Resul t s  

3.2.1. Cata ly t ic  Dehydrogennt ion  of VGE and G G E  

Catalytic dehydrogenation of VGE over Ni/SiO,-Al,O, a t  25OoC yielded guaiacol, B,CDMA, 1- 

veratry!-2(2-methoxy-phenoxy)-ethanone-l (the dehydrogenated form of VGE, structure W ), and trace 

amounts of vinyl ether. T h e  rate of VGE conversion 

VU 
was roughly threefold higher in the presence of the catalyst than when VGE was pyrolyied neat. 

Figure 4 illustrates the temporal variations of product molar yields for reaction at 250OC. The initial 
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The variation of methanol yield with water density 'is illustrated in Figure 7. The addition of 

external water caused a greater than five-fold increase in the m a s  yield ol methanol over tha t  

obtained from neat pyrolysis. The insigniiicant dflerence between the yields of methanol observed 

from py~olysis a t  the two highest water densities suggests that  both of these p p b s e s  were at 

essentially infmite dilution in water. 

For both temperatures examined, the sum of the yields of guaiacol, methyl-guaiacol, catechol and 

methykatechol were only slightly sensitive t o  water density. However, the yields of these phenolics 

increased monotonically with time during neat thermolysis. In contrast, the yield of guaiacols traversed 

relative maxima while the yields ol catechols increased or were asymptotically stable during reaction in 

water. Aiso, the  decay of guaiacols was fastest at  the highest reduced water density of 1.6 and their 

maxima in yield occurred a t  10 min, compared to 20 min at  the intermediate reduced water of 0.8. In 

general, the total yields of the four major phenolics increased with temperature with the influence of 

the water being slightly greater but still small a t  the higher temperature. 

Thus the reaction of kraft lignin in SC\V included pyrol>-sis and solvolysis reaction pathways. The 

h>-drolysis of the  aromatic methoql  groups increved methanol yields and shifted the phenolic pro2uct 

spectrum from guaiacols towar6 catechols . Interestingly, since the ma% yield of methanol of 5-6 ut% 

R'Z higher than the sum of the mass yields of all of the various phenolics, most of the rnethanbl k e l y  

resulted from hydrolysis of the methoql  groups present in the structural skeleton of lignin. These 

methoxyl groups would be lost t o  the char fraction under neat pyrolysis conditions. 

Milled-wood Lignin. Pyrolysis of milled-wood lignin neat and in the presence of supercritical water 

a t  383'C yielded methanol, guaiacol, methyl-guaiacol; catechol and methyl-catechol as major products. 

The temporal variations of the single-ring products are shown in Figure 8. The positive initial slopes 

of guaiacol and methyl-guaiacol indicate primary formation of these products. The zero initial slope of 

catechol and methyl-catechol suggest secondary product formation. The guaiacols traversed maxima a t  

approximately 10 min for reaction both neat and in SCW . The sum of the four major phenolic 

products increased twofold in the presence ol SCW. This is markedly different from the kraft lignin 

results where no net increase of the phenolics was noted. 

Figure 9 shows the temporal variations of the methanol yields parametrically with reduced water 

density. The initial slopes of the methanol yields indicate primary product formation for all cases. The 

yields of methanol increased approximately fourfold with the addition of external water. The 

intermediate density produced virtually the same methanol results as the highest density. The is 

t o  the kraft lignin results. 

Loblolly P i n e  Wood. Neat pyrolysis of loblolly pine wood at 383'C yielded methanol and guaiacol 

409 



4 

slopes Gf both guaiacol and 3,kDMA are near zero and thus suggestive of secondary product formation. 

The  l-reratryl-2(2methoxyy-phenoxy)-ethanone-l had a small bu t  positive initial slope and was likely a 

primary product. AU products attained maxima a t  approximately twenty minutes. T h e  maximum yield 

of singlering products (guaiacol and 3,CDMA) was approximately 0.43, which cornpara, with the 0.06 

yield obtained from neat thermolysis a t  25OoC for 30 minutes. Particularly notable in this enhanced 

product recovery waa the lruge yield of 3,CDMA which represents the veratryl portion of the VGE 
molecule. The initial rate of formation of 3,CDMA approximately equaled tha t  for guaiacol but the 

ultimate yields of 3,CDMA were in excess due to the secondary degradation of guaiacol. Thw portion 

of VGE recovered as 3,4-DMA was normally lost to the vinyl polymerization during neat pyrolysis. 

i 
I 

Thus catalysis by Ni/SiO,-A,O, not only effected the desired dehydrogenation but  also appeared to 

crack the resulting ketc-ether with hydrogen addition. The net reaction of VGE to guaiacol and 3,k 

DXU was thus in hydrogen balance and a selective rearrangement of the hydrogen already present in 

the substrate. 

T h e  catalysis of GGE over Ni'i/Si@,-A$@, yielded the same major products as did its pyrolysis: 

guaiacol, acetovanillone, vinyl-guaiacol and cis and trans forms of vinyl ether VI. However, the rate of 

GGE reaction was signscantly higher than observed during its pyrolysis, as its conversion was 

essentially 1.0 after a reaction time of only 10 min. This rate also exceeded the rate of VGE catalysis. 

The temporal variations of the product molar yields and mass balance are depicted in Figure 5. The 

mass balance quickly dropped to 0.2. The only product observed in a significant yield was guaiacol, 

and its initial rate of formation was higher than for GGE pyrolysis. Guaiacol wzs also subject to a 

moderate secondary reaction. The rate of formation of vinyl ether VI was approximately equal to that 

for neat pyrolysis indicating little or no inhibition of the dehydration pathway by the catalyst. A 
ketc-ether analogous to W , and hence any evidence of a dehydrogenation pat.hway, was not observed. 

T h e  presence of the catalyst thus seemed both to enhance the deleterious dehydration and 

polymerization pathways as well as to promote charring of guaiacol. 

S.2.2. Solvolysis i n  S u p e r u i t i c d  WA* 
Kraft L i d n .  The major products of kraft lignin pyrolysis both neat and in water were methanol, 

guaiacol, methyl-guaiacol, catechol and methyl-catechol. Smaller amounts of phenol and cresols were $ro 

detected. 

Temporal variations of these major products for reaction a t  383'C m shown in Figure 6. The 

positive initial slopes associated with guaiacol and methyl-guaiacol shown in Figure 6 indicate that 

these were primary products. Slopes for catechol and methykatechol of essentially cero indicate that 

these were secondary products. The small positive initial slope for methanol suggests that it formed 

by a primary pathway, although it  WM likely both a primary and a secondary product. 
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while reaction in the presence of supercritical water at  the same temperature yielded methanol, 

guaiacol, methyl-guaiacol, catechol and methyl-catechol as major products. 

The kmporal variations of the singlering products are shown in Fmre 10. T h e  initial slope 

associated with guaiacol yield from neat pyrolysis was toosmall to be determined conclusively. However, 

for reaction in SCW, the initial r a k  of formation of both guaiacol and methyl-guaiacol WM positive 

and these thus appear to have been primary p7oducts. Catechol and methykakchol  w e n  evidently 

secondary products . The overall yield of singlering phenolics increased threefold with the addition of 

external water. 

The temporal variations or the yield of methanol is shown in Figure 11 lor two reduced water 

densities. The initial slopes indicate primary product formation in both cases. The yield of methanol 

w a  virtually unaffected by the addition of water, which is consistent with the isolakd lignin 

experiments. During pyrolysis, the carbohydrate fraction of the wood should lead t o  significant yields 

of water capable of hydrolyzing the methoxyl groups present in the lignin. Siice the milled-wood lignin 

results demonstrated the attainment of an asymptotic yield as t h e  external water loading increased. the 

addition of external water to the wood would prove an insignificant increment to the water originatins 

from the carbohydrate pyrolysis. 
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Reactant 

VGE 

VGE 

VGE 

VGE 

GGE 

VGE 

GGE 

K r a f t  L ign in  

K r a f t  L ign in  

K r a f t  L ign in  

K r a f t  L ign in  

K r a f t  L ign in  

1 

Table I - Summary o f  Reactants and Reaction Condi t ions 

Loading (mg)* 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

Milled-Wood L i g n i n  10 

Milled-Wood L i g n i n  10 

Milled-Wood L i g n i n  10 

Pine Wood 35 

Pine Wood 35 

*Reactor Volume was 0.589 crn3 

Temperature 

250°C 

315°C 

335°C 

380°C 

250°C 

250°C 

250°C 

383°C 

383°C 

383°C 

408°C 

408'C 

383OC 

383°C 

383°C 

383°C 

383OC 

Pressure (ps ia )  

26 

29 \>  

30 

32 

26 

26 

26 

32 

4260 

3466 

34 

5750 

32 

4260 

2467 

32 

4260 

4 1 2  
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